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Introduction:

The objective of this proposal is to seek for a combination therapy between a low molecular weight
aminosterol squalamine which has anti-angiogenic activity against induced endothelial proliferation and
migration and vascular endothelial growth factor, VEGF, on the growth of human prostate tumors both in vitro
and in vivo. Although both agents when applied alone have little anti-tumor effect, they have remarkable
synergistic action when applied together in tumor cells that express certain profiles of integrin isotypes and
VEGF receptors. This approach is taken because of the known inherent genetic stability of endothelial cells
which are required for tumor cells' continued growth and expansion and the potential clinical application of an
effective combination therapy targeted at tumor and its endothelial supplies for the effective treatment of
hormone refractory prostate cancers.

Body:

Task 1: Establishment of in vivo human prostate tumors:

This task has been completed. Please see previous progress report.

Task 2: Construction, characterization and production of adenoviruses that contain VEGF driven by a CMV
universal promoter:

This task has been completed. Please see previous progress report.

Task 3: Evaluation of the in vitro and in vivo synergism between squalamine and VEGF (or castration), and
assessment of the biochemical and morphologic changes of the prostatic tissues in vivo:

This task has been completed. Please see previous progress report.

Task 4: Determine the in vitro effect of squalamine and/or VEGF on the growth of prostatic and endothelial
cells:

This task has been completed and published (Jin et al., Cancer Gene Therapy 12:257-267, 2005).

Task 5: Recording of the morphologic changes of cells after squalamine and/or VEGF treatment:

This task has been completed. Please see previous progress report.

Task 6: Evaluation of the relationship between morphologic changes of prostate cancer and endothelial cells in
vitro after squalamine and/or VEGF treatment with that of their biochemical expression of TSP-I and cell
surface integrin isotypes:

In a previous progress report, we have completed the analysis of morphologic and biochemical features
of prostate tumors after squalamine treatment in intact and castrated hosts. We are evaluating TSP-I
gene expression in prostate cancer cell lines with different antibodies. We have not found a good
antibody that can provide reproducible assessment of the expression of this antigen in prostate cancer
cell lines. However, we have focused our study on cNvP35 integrin expression in prostate cancer cells and
have completed a study to show that an anti-PAN Ccv antibody can abrogate the ability of prostate cancer
cells to attach, migrate, and invade through vitronectin substratum. The interruption of this interaction
resulted in marked enhancement of apoptosis. These data are provided as Appendix 1.

4



Task 7: Confirmation of the above biochemical responses of prostate cancer cells and endothelial cells to
squalamine and VEGF in vivo.

We have completed the evaluation of HUVEC cell culture in vitro to the effect of squalamine. We have
reported a part of these findings in Cancer Gene Therapy (Vol. 12: 257-267, 2005).

Task 8: Evaluation of methodologies for evaluating signal cascade and apoptosis following VEGF and
squalamine.

This task has been completed. We are in the process of preparing a manuscript indicating the effect of
VEGF and squalamine on phosphorylation ofPP 125FAK and Pyk2.

Task 9: Evaluation of changes in signal transduction components following exposure to squalamine and/or
VEGF in vitro and confirmation of such changes in prostate tumor models in vivo.

We have evaluated soluble paracrine mediators that may be responsible for the induction of VEGF in
prostate cancer and prostate or bone stroma cells in vitro. We discovered that a soluble protein factor
called beta-2 microglobulin is responsible for the induction of VEGF and its receptor neurophilin-l to
form an autocrine loop supporting the growth of cancer cells. These results open up a new avenue of
investigation, which could impact our understanding of the role of squalamine and VEGF loop in
prostate cancer cells.

Task 10: Characterization of changes of signal transduction components and their relationship to apoptosis, and
comparison of their activity both in vivo and in vitro.

See above.

Key Research Accomplishments:

We have completed a manuscript indicating co-targeting tumor and tumor-associated
endothelium using gene therapy as a prototype resulted in improved affect in eradicating cancer
growth as xenografts in culture. This same study also has been confirmed in vitro (Jin et al.,
Cancer Gene Therapy 12:257-267, 2005).
We are establishing the basic methodology to study signal transduction in prostate cancer cells
and the same methodologies will be used to measure signaling pathway in response to
squalamine and/or VEGF. We have established a new model system to study the inter-
relationship between beta-2 microglobulin, VEGF, and VEGF receptor signaling in prostate
cancer cells.

Reportable Outcomes:

1. A manuscript by Jin et al. was published in Cancer Gene Therapy.
2. A review article by Chung et al. was published in Journal of Urology.
3. A new grant was submitted to NIH based upon the VEGF receptor and soluble factor signaling

pathway.

Conclusions:

VEGF and squalamine synergism appears to be a phenomenon in vitro and its in vivo synergism is more
difficult to demonstrate due to severe toxicity of delivery of VEGF to tumor tissues in tumor-bearing animals.
The concept to enhance tumor and endothelial cell death using angiogenic modifiers however received support
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by the application of squalamine immediately after castration. Based on immunohistochemical data, it appears
that tumor cells overexpress VEGF receptor, fit-I and specific integrin isotype, such as a6p34, are responders.
This part of the work is currently pursued in Dr. Mitch Sokoloff's lab with addition of radiation and squalamine
as a new combination. This work will be further explored and will be the subject of a future human clinical
trial.

References:

None
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Targeting angiogenic pathways involving tumor-stromal interaction to
treat advanced human prostate cancer

Mitchell H. Sokoloff' and Leland W.K. Chung'' 2
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Abstract

Interfering with and preventing tumor angiogenesis is an attractive therapeutic approach for treating cancer metas-
tases. This commentary presents treatment strategies that may enhance the effectiveness of anti-angiogenic therapy
by selectively targeting newly sprouting and immature vessels, inhibiting the production of angiogenic factors, and
disrupting extracellular matrices. We propose several clinical paradigms, including hormonal ablation, intermittent
androgen suppression, chemotherapy, and radiation therapy, that 'injure' nascent vasculature and interrupt the cancer
cell-stromal relationship, thereby potentiating the efficacy of experimental anti-angiogenic agents. These stromal-
epithelial interactions play an important role in the development, proliferation and dissemination of'prostate cancer,
as well as guiding the processes of tumor neovascularization. Successful utilization and targeting of tumor angio-
genesis requires an increased understanding of tumor cell-stromal cell-endothelial cell relationships, most notably
the intricate intracellular signalling cascades mediated by growth factors and the extracellular matrix.

Introduction normal adult prostate gland. Jrregularities in the con-
stituents of the stromal--epithelial milieu or aberrations

Despite advances in prevention and early detection, in their interactions can induce genomic instabil-
refinements in surgical technique, and improvements ity, enhance tumor cell proliferation, and drive both
in adjuvant radio- and chemotherapy, the ability to cure metastatic spread and progression to a hormone-
many men with prostate cancer remains elusive. This refractory state. Consequently, novel therapeutic pro-
is especially apropos to the successful management of tocols are being developed that target not only prostate
metastatic and recurrent hormone-refractory disease. tumor epithelial components, but surrounding stro-
Clinical protocols using either androgen deprivation mal and extracellular matrix (ECM) elements as
therapy or chemotherapeutic agents have shown some well.
promise in treating advanced prostate cancer [1,2]. For a prostate cancer to grow and metastasize,
Unfortunately, the proportion and durability of com- endothelial cells from this surrounding stroma must
plete remissions have been limited and new therapeutic be recruited to form an endogenous microcirculation
approaches are desperately needed. to support the developing neoplastic mass [6,7]. Sim-

Stromal-epithelial interactions are paramount to ilar angiogenic processes are necessary at sites of
the development, proliferation, and spread of prostate metastasis if disseminated tumor cells are to become
cancer. Studies in our laboratory have established securely entrenched and, subsequently, propagate.
that a bi-directional relationship between tumor cells Although prostate cancer cells produce inherent pro-
and their surrounding stroma contributes to the angiogenic signals, integration of downstream signal-
growth and dissemination of prostate cancer [3-5]. ing involving soluble factors and stromal and ECM
These mesenchymal-epithelial interactions are respon- components are critical to promoting and maintaining
sible for maintaining the functional integrity of the neovascularization [8].
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Figure 1. Prostate tumor cells express both vascular endothelial growth factor (VEGF) and its receptors (simplified here as a single entity,
VEGFR). Intracellular communication between tumor epithelium, endothelium, and stroma is known to occur with signals mediated by
such cell surface receptors as the integrins (e.g.: acf%), which confer cell-matrix interactions and the VEGF receptors (e.g.. Kdr/flk-l
and fit-I), which confer VEGF-induced intracellular signal activation. Resultant VEGF-VEGFR signaling is growth stimulatory for
endothelial cells. In studies in our laboratory [11], we have demonstrated that VEGF has either no effect on or, surprisingly, can inhibit the
growth of prostate tumor epithelial cells. Depicted in this illustration are two potential sites of interaction for an anti-prostate cancer anti-
angiogenic agent: (1) VEGF - VEGFR interaction; and (2) extracellular matrix (ECM) - integrin aop/ and o,qP 5 interaction. Interruption
of these cell-signaling pathways could be potentiated in the absence of the host androgen milieu or subsequent to any other therapy that
injures the saromal-epithelial milieu and, hence, will adversely affect tumor cell survival in the stromal microenvironment. (Illustration
courtesy of Song-Chu Ko, M.D., Ph.D.) [PSA, prostate-specific antigen; AR, androgen receptor].

Anti-angiogenic therapy has been demonstrated to the importance of prostate tumor cell-stromal cell
be effective in several preclinical solid tumor ani- interactions in tumor angiogenesis. In addition, we
mal models [9,10]. Moreover, since stromal factors will conjecture how conventional therapies directed
can affect the multistep processes of both carcino- at interfering with the prostate tumor--stromal cell
genesis and neovascularization, many of the factors relationship may influence the extracellular milieu in
involved in tumor angiogenesis are also associated such a manner that the anti-neoplastic effects of puta-
with prostate cancer proliferation, progression, and dis- tive anti-angiogenic agents are enhanced. Finally, we
semination. Hence, these stromal factors and inter- will postulate how combining these two therapeutic
actions present an attractive therapeutic target for approaches may improve our capacity to successfully
the treatment of hormone-refractory prostate can- manage men with advanced and metastatic prostate
cer (see Figure 1). This commentary will review cancer.
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Stromal-epithelial cell injury may potentiate therapeutic interventions that injure components of the
anti-angiogenic therapy stromal-epithelial milieu. This premise is particularly

plausible considering that most pro-angiogenic factors
We have recently demonstrated that squalamine, are located within the stromal milieu, either as soluble
an anti-angiogenic sterol isolated from shark liver, or ECM-bound factors, which affects survival of tumor
has potent anti-prostate cancer activity [11]. When epithelium.
squalamine was applied concomitantly with andro-
gen withdrawal in a human prostate cancer xenograft
model, an absolute and lasting eradication of both Tumor-stromal interactions and angiogenesis
PSA and subcutaneous tumors was achieved. No such
result was observed in intact tumor-bearing animals The outcome of a patient with prostate cancer
or in tumor-bearing animals treated with squalamine ultimately depends upon the tumor's capacity for un-
post-castration, yet subsequent to the appearance of hindered growth, local invasion, and the establish-
androgen independent lesions. Immunohistochemical ment of distant metastasis. Local factors, produced
staining of responding and non-responding tumors by mesenchyme, epithelial cells, or as a consequence
indicated that combined squalamine and castra- of bi-directional mesenchymal--epithelial interactions
tion substantially diminished integrin aV3 expres- between prostate tumor and stromal cells, are necessary
sion. Additional histologic data established that for such proliferative, invasive, and migratory events
squalamine's actions were most potent in preventing [14].
proliferation of the freshly sprouting, phenotypically Numerous cytokines and growth factors have been
immature blood vessels that, we believe, emerge in implicated in either enhancing or impairing a given
the tumor tissue as it acquires hormone independence, prostate tumor's inherent tumorigenic and metastatic
This finding corroborated prior studies which have phenotype [15]. While some act directlyupon the tumor
determined that squalamine's efficacy is significantly cells, others influence prostate tumor cell prolifera-
enhanced when tumor vasculature and cancer cells tion by modulating their interactions with the extra-
are 'injured' immediately antecedent to its application cellular matrix interactions through either soluble or
[12,13]. matrix-associated signaling. This can significantly alter

Accordingly, we have developed two theories to tumor cell heterogeneity with the propensity of select-
explain the powerful anti-angiogenic as well as anti- ing androgen-independent and metastatic variants.
prostate cancer effects of coincident androgen abla-
tion and squalamine administration. First, androgen Angiogenesis
deprivation, may so effectively 'stun' the stromal-
epithelial environment that nonnally prevalent and Angiogenesis refers to the formation of new blood
active pro-angiogenic factors are diminished, inac- vessels from pre-existing, nascent vasculature. It is a
tivated, or eradicated. At this juncture, the diminu- multistep sequential process involving the recruitment
tion of angiogenic forces may be sufficient enough and proliferation of endothelial cells, their subsequent
that the otherwise ineffectual squalamine (if used in migration to the tumor mass, morphogenesis into a
the absence of hormone-ablation) is consequently ren- tubular structure, and maturation into a stable struc-
dered potent. Alternatively, during the immediate post- ture [16,17]. It is important to note that the structure
orchiectomy rejuvenated proliferative phase (when of tumor vessels differ from those of normal tissues,
stromal-mediated and autonomous epithelial tumorcell especially with regard to cellular composition, tissue
growth is actively acquiring hormone independence) integrity, vascular permeability, and regulation of cell
the cellular and vascular architecture may become proliferation and apoptosis [18]. It is presumed that
somewhat pliable and plastic, predisposing these pre- these many differences may impart selective suscepti-
carious cells to either anti-angiogenic or cytotoxic bility of tumor vessels to the effects of anti-angiogenic
effects of squalamine. agents.

These interesting observations and speculations The establishment and maintenance of such a vas-
have led us to develop the following hypothesis: cular supply is imperative to prostate carcinogenesis
that the effectiveness of anti-angiogenic agents can and involves the cooperation of a variety of molecules
be increased when applied coincident with other either constituting or inhabiting the ECM. A variety of
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growth and survival factors present within the extra- that integrin CIf 3 preferentially attaches to vitronectin
cellular matrix have been associated with angiogenesis and osteopontin, key components of bone matrix, and
[19-21]. These include, but are not limited to, TGF-a that osteopontin is overexpressed in pathologic speci-
and fl, b-FGF, IGF-1, EGF, HGF/SF, PDGF, TNF-a, mens from men with honnone-refractory prostate dis-
VEGF, and IL-6 and 8. As it is beyond the scope of ease. This is likewise associated with a coexistent
this commentary to discuss all of these factors in much overexpression of integrin a,,63. Osteopontin, a potent
detail, we will briefly mention the best characterized autocrine and paracrine growth factor, is secreted by
and most studied soluble pro-angiogenic factors of the both prostate cancer epithelial and bone stromal cells,
prostate cancer celI-ECM milieu: vascular endothelial exerting a direct stimulatory effect on prostate epithe-
growth factor (VEGF) [22-24]. lial cell proliferation in vitro [33].

VEGF is apotentstimulatory factor for angiogenesis Integrin as3 has a prominent function in tumor
and is a highly specific mitogen for vascular endothe- angiogenesis [31,34]. Furthermore, integrin cx/3 activ-
lial cells. It has been implicated in promoting prostate ity is modulated by several growth factors that reside in
carcinogenesis and metastasis, as well as angiogen- the ECM, such as VEGF. In chick chorioallantoic mem-
esis. It is commonly accepted that VEGF influences brane (CAM) assays, angiogenesis can be disrupted by
tumor growth indirectly, through angiogenic activity, treatment with either a cyclic peptide or monoclonal
although a direct effect has never been excluded and antibody antagonist to IA 3 [35]. In vivo studies have
more recent data suggests a non-angiogenic mecha- demonstrated that tumor growth can be inhibited when
nism (see below). VEGF has also been shown to stimu- integrin av1a expression is likewise constrained [36].
late cell migration, implicating it in tumor metastasis as Since integrin aA influences angiogenesis, reorgani-
well as angiogenesis. VEGF is expressed by prostatic zation of cytoskeletal structures, basement membrane
cancer epithelium, and expression positively correlates attachment, and cellular proliferation, a switch to inte-
with increasing grade and tumorigenicity [25-28]. In grin UA in prostate cancer may provide advantages
the LNCaP cell line, VEGF appears to be androgen reg- to growth of androgen independent tumor cells at both
ulated, suggesting that hormone ablation therapy may primary and distant sites.
act, in part, through the inhibition of VEGF produc- Clinically, the relationship between prostate cancer
tion [29,30]. These results, however, have been contra- and angiogenic factors remains controversial [28,37-
dicted in other studies using different prostate cancer 40]. In most studies, increases in tumor angiogenesis
cell models (see below). correlate with Gleason grade and with progression after

prostatectomy. Angiogenic factors are also associated
with a heightened metastatic phenotype and with poor

Integrin signaling prognosis. Furthermore, quantitation of tumor angio-
genesis, based on microvessel density, appears to be a

Although the ECM is an important determinant in promising technique for estimating the extensiveness
tumor cell growth, survival, and dissemination, its and aggressiveness of a given prostate tumor as well as
potency depends upon successful tumor cell-ECM sig- predicting its response to various forms of treatment.
naling. Cell-ECM interaction is signaled primarily
through integrins, which are comprised of over twenty
combinations of a and 0 heterodimers [ 14,31]. ECM- Combining conventional and anti-angiogenic
integrin signaling has been broadly implicated in reg- approaches to treat men with advanced
ulating angiogenesis, as well as tumor cell motility, prostate cancer
migration, and metastasis [14,20]. In the LNCaP/C4-2
progression model of human prostate cancer metastasis Radical prostatectomy can cure patients with localized
[32], we have documented a functional integrin switch prostate cancer and its use in treating such tumors in
from U603 4 to a/3j and aw% during prostate cancer younger and healthy patients is generally undisputed
progression. This switch appears early in the progres- [41]. Nonetheless, almost 30 percent of patients with
sion to androgen independence and has been confirmed pathologically organ-confined cancer will experience
biochemically by immunoprecpitation of biotinylated an early relapse with recurrent disease despite success-
prostate tumor cells followed by subsequent west- ful treatment of the primary lesion [42]. Furthermore,
ern blotting of these products using avidin-conjugated current screening modalities fail to identify a signifi-
peroxidase antibody. We have further demonstrated cant subset of patients with locally-invasive tumors.
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Recent studies report that up to 50 percent of patients signaling of pro-angiogenic components, inhibiting
who were thought to have organ-confined lesions were many of the steps required for neovascularization. Such
discovered to be understaged subsequent to surgery alterations in this constituency could greatly increase
[43-45]. As a result, the majority of men with prostate the sensitivity of the tumor to anti-angiogenic ther-
cancer will eventually develop disseminated disease apy. Second, injury to the vascular endothelial cells
[46]. In addition to causing severe pain and morbid- within the stroma could result in the immediate destruc-
ity, such metastatic disease is the primary cause of tion of the tumor vasculature (resulting in the cessa-
death in men with prostate cancer [47]. Androgen tion of blood flow to the cancer cells) or weaken the
ablation therapy is the most widely accepted ther- vessels sufficiently that their susceptibility to attack
apy for men with metastatic cancer. Because of its by a second (anti-angiogenic) agent is increased. Fur-
limited duration, however, certain chemotherapeutic thermore, damage to established vessels might induce
agents have been incorporated in the treatment of the formation of new vasculature to nourish and sus-
advanced, hormone-refractory disease. Furthermore, tain both the tumor mass and the surrounding tissues,
radiation therapy (with or without hormonal therapy) or alter the phenotype incipient vasculature so that it
is commonly used to treat locally-invasive lesions that acquires the more immature characteristics of newer
are felt to be incurable by surgical means. vessels. It is generally accepted that these younger,

With regard to prostate cancer, androgen ablation more immature vessels are most-susceptible to anti-
therapy, chemotherapy, and radiation therapy share angiogenic insult [51]. Third, immediately following
two common traits. First, by themselves, they custom- intervention, some stromal and epithelial tumor cells
arily behave as temporizing agents resulting in dis- are likely to overcome their injuries and begin to initi-
ease remission, but are generally ineffective in curing ate repair pathways, in which they recapitulate a phe-
advanced disease. Second, in addition to directly dam- notypically younger and more unstable configuration.
aging prostate cancer cells, each of these treatment As the cellular architecture becomes increasingly pre-
modalities induces injury to the surrounding stroma carious, these cells are more apt to be affected by the
and extracellular matrix. In fact, studies demonstrat- anti-angiogenic agents.
ing improved outcomes in men with prostate cancer
after treatment with combined radiation and andro- Androgen ablation therapy
gen ablation therapy attribute these findings, in part,
to the resultant interference with the stromal--epithelial Our data from the LNCaP-castrate xenograft model
relationship [48]. Furthermore, p53, which can act as confirmed that squalamine's actions were most potent
a radiosensitizer, may enhance the efficacy of radia- on the freshly sprouting, immature blood vessels
tion therapy via its anti-angiogenic properties, such as that, we believe, developed during a rejuvenated
inducing expression of the anti-angiogenic ECM com- proliferative phase of those prostate tumor cells acquir-
ponent, thrombospondin-I [49,50]. Because of their ing hormone independence. The effect was indepen-
individual and independent abilities to injure compo- dent of serum VEGF levels. There is ample evidence
nents of the extracellular milieu, androgen ablation that androgen application can stimulate vasculogenesis
therapy, chemotherapy, and radiation therapy are ideal whereas androgen deprivation can inhibit neovascular-
therapeutic approaches to investigate for use in concert ization, allegedly the result of increased or decreased
with anti-angiogenic agents to treat men with, or at risk VEGF production (respectively). Folkman has demon-
for developing, advanced prostate cancer. strated that VEGF production by LNCaP cells is

Taking all three of these treatment modalities into under tight regulation by androgen and that andro-
consideration, we can now reiterate our hypotheses gen withdrawal inhibited hypoxic induction of VEGF
as to how androgen ablation therapy, chemotherapy, [52]. Isaacs and associates have demonstrated that the
and radiation therapy may induce sufficient injury to activity of Linomide, an oral anti-angiogenic agent
the stromal-epithelial environment that the effects of which has demonstrated effectiveness in suppressing
the subsequent utilization of anti-angiogenic agents human prostate cancer in preclinical animal studies,
would be potentiated. First, damage to the homeostatic was potentiated by concurrent androgen ablation, pre-
cellular components of the stromal-epithelial milieu sumably due to down-regulation of VEGF [30].
might decrease, or even completely suppress, the secre- It was recently demonstrated that prostate gland
tion of soluble pro-angiogenic factors and intracellular growth in a rat model was regulated by the vascular
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endothelium, which, accordingly, was itself con- in concert with anti-angiogenic therapy to maximize
trolled by testosterone stimulation [53]. In this study, the potential of each to repress or, hopefully, eradi-
testosterone stimulation in castrated animals caused cated prostate cancer. If castration by itself appears so
an escalation of endothelial proliferation and vessel promising as a neoadjuvant to anti-angiogenic therapy,
development, antecedent of glandular tissue regrowth, intermittent androgen suppression (IAS) should, theo-
allegedly the result of increased VEGF production. retically, have a more pronounced effect.
In the Dunning prostate adenocarcinoma model, how- IAS has been applied in both pre-clinical mod-
ever, castration had little effect on VEGF production, els and in men with advanced prostate cancer in an
despite enhancement of VEGF flk-I receptor expres- attempt to prolong the anti-neoplastic effects of hor-
sion and involution of tumor vasculature [54]. This mone ablation therapy [56-59]. The underlying bio-
critical observation suggests that castration can affect logic principle of IAS is straightforward. Androgen
angiogenesis independently of VEGF production and ablation inhibits proliferation of androgen-sensitive
receptor status and allows for the identification ofmul- prostate tumor cells as well as inducing apoptosis.
tiple pathways of anti-tumor anti-angiogenic activity. In the normal prostate, androgen-induced growth and
The presence of many such pathways implies that castration-induced regression can be repeatedly cycled
in prostate cancer, a synergistic therapeutic approach using androgen replacement and withdrawal, respec-
could be developed byusing androgen deprivation ther- tively, since normal prostatic epithelial cells do not
apy along with other anti-angiogenic agents, thereby acquire the ability to grow in an androgen-deficient
enhancing the effectiveness of each individual treat- environment. In prostate cancer, however, cells that
ment modality [30]. escape the cytotoxic effects of hormone ablation

Additional evidence to support using such a com- emerge as a population of androgen resistant clones.
bined approach to managing human prostate cancer This ultimately results in tumor growth and metastasis,
can be found in a recent article by Jain et al. [55]. with eventual death. Hormone-refractory tumor cells
Using the Shionogi tumor model, androgen ablation may result from the selection of pre-existing androgen
initially resulted in tumor involution, in which endothe- independent cells resistant to apoptosis, or from upreg-
lial cells underwent apoptosis before neoplastic cells. ulation of adaptive mechanisms to the androgen inde-
Soon after castration, however, the regressing vessels pendent state. IAS is founded on the premise that with
began to exhibit changes in phenotype. Subsequently, intermittent androgen exposure, tumor cells may delay
they began to produce large quantities of VEGF and their progression to an androgen-independent state.
both neovascularization and tumor regrowth resulted. Conceivably, however, intermittent androgen exposure
We propose that by working through one of the sev- can also inhibit tumor cell growth through an androgen-
eral putative anti-tumor/anti-angiogenic pathways pos- repressed (or hypersensitivity to androgen) status [60].
tulated above, the application of an anti-angiogenic Overall, IAS may restore apoptotic potential and delay
agent coincident with castration could inhibit this neo- the progression of prostate cancer cells to androgen-
vascularization and tumor regrowth, hence prolonging independence.
cancer remission. Few clinical trials with IAS have been com-

pleted to date. Some suggest slightly-improved sur-
Intermittent androgen suppression vival rates, with substantial improvement in qual-

ity in life [57]. For our purposes, however, IAS
The above data suggest that by injuring the prostate offers an attractive opportunity to test our hypoth-
tumor cell-stromal cell-ECM environment, castra- esis that applying anti-angiogenic agents coincident
tion induces degeneration of vascular structures. This with stromal injury and repair will enhance tumor
appears to precede the apoptotic effects seen in the kill. IAS involves cyclical androgen-induced growth
tumor cells themselves and can be independent of and castration-induced regression. With each course,
VEGF production. As the effects of castration wane, there is the same initial injury to the stroma and
there is a resurgence of pro-angiogenic influences with ECM seen with castration, however under the influ-
resulting vasculogenesis. These vessels are young, ence of hormone repletion, there is a resurgence of
immature, pliable, and most prone to being affected pro-angiogenic influences with resulting vasculogene-
by the administration of anti-angiogenic agents. In sis. These are the young, immature, and pliable ves-
this commentary, we have proposed using orchiectomy sels most apt to being affected by the administration
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of anti-angiogenic agents. By cyclically applying and anti-angiogenic agents will be most pronounced when
withdrawing androgen, intermittent androgen blockade applied in conjunction with other therapeutic modali-
systematically injures tumor and vascular cells over a ties that maximally injure the stromal and ECM. For
prolonged period of time. This repeated stress should now, this includes intermittent androgen suppression,
prime them for the actions of an anti-angiogenic agent, radiation therapy, and chemotherapy, but may, with
resulting in the destruction of both tumor cells and the time, be applicable to gene therapy and novel molec-
surrounding stroma, ular approaches being developed for the treatment of

both localized and advanced human prostate cancer.
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Abstract Maintenance of cell and tissue homeostasis is
dependent upon the dynamic balance of cell prolifer- Key words prostate cancer - bone metastasis - stromal-
ation, differentiation, and apoptosis through interac- epithelial interaction molecular targeting -vicious
tions between cells and their microenvironment. The cycle cytokine extracellular matrix (ECM)
unique prostatic cellular phenotypes are induced and
maintained by interaction between epithelium and ad-
jacent stroma through intimate intercellular signaling Introduction
pathways. In this article, we summarize current advances
in the tumor-stroma interaction and its biologic and This review will first elucidate the molecular mechanisms
therapeutic implications. We specifically emphasize cur- underlying prostate tumor-stroma interaction, involving
rent studies of the possible factors driving the "vicious prostatic stromal cells at the primary site and osteo-
cycle" between stroma and emerging prostate tumor epi- blasts and osteoclasts at bone metastasis sites, and then
thelial cells that may be responsible for carcinogenesis discuss new opportunities for therapeutic targeting of
and metastasis to bone. Stroma responds both geno- localized and disseminated human prostate cancer.
typically and phenotypically to tumor epithelium upon Cell and tissue homeostasis reflects a dynamic balance
co-culture under 3-D conditions. Likewise, the emerging of cell proliferation, differentiation and apoptosis
carcinoma responds to stromal signals that drive pro- (Frisch and Screaton, 2001). Consistent with this con-
gression to malignancy. A vicious cycle mediated by sol- cept, primary and immortalized non-transformed hu-
uble and insoluble molecules secreted by tumor cells and man prostate epithelial cells require adhesion to an
stroma appear be the critical factors supporting and sus- extracellular matrix (ECM) to maintain their polarity,
taining tumor colonization in bone. Co-targeting tumor growth, survival, and migratory characteristics and ex-
and stroma with therapeutic agents has yielded promis- pression of tissue-specific proteins. These properties are
ing results both in pre-clinical models of prostate cancer unique organ-specific phenotypes conferred and main-
and bony metastasis and in clinical trials of patients tained by interaction between epithelium and adjacent
treated with a dual tumor and stroma targeting strat- ECM secreted primarily by the stroma through intimate
egies. In conclusion, understanding and targeting the in- intercellular signaling pathways. Epithelial cells, the
teraction of the tumor and its stromal microenvironm- major target for adult cancer, exist in contiguous sheets
ant may improve the prognosis, reduce the suffering and composed of organized, polarized cells circumscribed by
increase the survival of patients with advanced cancer a basement membrane that separates the epithelium
metastasis. from the stroma. Numerous cell types are found in the

epithelial and stromal compartments, including luminal,
basal, and neuroendocrine cells in the epithelial tissue

S.-Y. Sung • L.W K. Chung compartment and smooth muscle, fibroblast, endo-
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Homeostasis of normal organs such as prostate and Further, the androgen-independent and metastatic
breast is maintained through reciprocal interactions be- progression of human prostate epithelial cells can be
tween epithelial cells and their surrounding stroma with promoted by co-inoculating a marginally tumorigenic
minimal proliferation of either cell type. Disruption of human prostate cell line, LNCaP, with a human bone
the homeostatic interaction between epithelium and stromal cell line derived from an osteosarcoma in vivo
stromna could initiate and promote carcinogenesis. In (Thalmann et al., 1994; 2000; Wu et al., 1994; 1998).
these instances, carcinogenic insults may trigger ad- By a series of manipulations of chimeric LNCaP tumor
ditional genetic changes in the epithelial cell compart- growth in vivo under the influence of bone stromal cells,
ment over and beyond the inherited traits, through in- either in the presence or absence of androgen, the deriva-
creased genomic instability and decreased DNA repair tive LNCaP sublines C4-2 and C4-2B acquired the
and apoptotic signaling. Altered epithelial cells may trig- ability to become androgen-independent and metastatic,
get stromal reactions that, in turn, confer reciprocal sig- as exhibited by their behaviors in immune compromised
nal cascades in tumor epithelium to promote further mice. To ascertain that cell-cell contact rather than un-
carcinogenic processes. Ultimately, reciprocal tumor- known factors from the host were responsible for confer-
stroma interaction culminates in the increased mi- ring tumorigenic and metastatic potential to the par-
gratory, invasive, and metastatic behavior of cancer cells. ental LNCaP cells, we co-cultured LNCaP cells with

either prostate or bone stromal cells under 3-dimen-
sional (3-D) conditions and observed similar permanent

Prostate carcinoma-stroma interaction phenotypic, genotypic and behavioral changes of the
parental LNCaP cells, as revealed by their ability to

Prostate epithelium and stroma are sites for the develop- form tumors in castrated mice and acquired ability to
ment of benign and malignant diseases of the prostate. metastasize to distant organs including bone (Ozen et
Recent evidence suggests that prostate epithelium and al., 1997; Pathak et al., 1997; Rhee et al., 2001).
stroma interact in a highly organ-specific, androgen-de- These results taken together suggest that tumor
pendent and temporally-related manner. We discuss be- stroma can confer "inductive" or "adaptive" cues to the
low the role of prostate fibromuscular cells in prostate responding tumor epithelium and is directly responsible
tumor growth and progression, the reciprocal stromal for the altered behavior of tumor epithelium. However,
reactions to prostate tumor epithelium that create a "vi- tumor-stroma interaction is reciprocal. Not only can
cious cycle" between stroma and epithelium ultimately stroma "induce" or "select" the phenotypic and geno-
driving tumor epithelium to develop benign and malig- typic changes in tumor epithelial cells, tumor epithelium
nant prostate diseases, the potential factors that may can also induce genetic and phenotypic changes in
mediate these interactions, and the role of early prostate stroma after tight association in vivo. It appears that
inflammatory atrophy in the development of benign both tumor and stroma are involved in controlling tumor
prostatic hyperplasia and prostate cancer, growth or " take" by the host and the subsequent pro-

gression of tumor epithelium to androgen-independence
and acquisition of local invasive and distant metastatic

Role of prostate fibromuscular stromal cells in prostate potential in experimental models of human prostate
tumor growth and progression cancer. Figure 1 depicts a model of the multi-step nature

of this interaction. Genetically and phenotypically alter-
In 1970, Professor L. M. Franks described the require- ed epithelial cells induce a stromal reaction that, in turn,
ment of prostate cancer fibromuscular stromal cells for induces a reciprocal epithelial reaction. The serial inter-
the growth and survival of primary human prostate epi- actions form a "vicious cycle" that drives epithelial can-
thelial cells in culture (Franks et al., 1970). We tested the cer progressive to androgen-independent local invasion
significance of this original in vitro observation in our lab- and distant metastasis.
oratory by both in vitro cell co-culture and in vivo co-in- Through growth factor activation, changes in ECM
oculation of tumor cells and stromal cells in immune- can be elicited, which can cause epithelial cells to lose
compromised mouse models for the growth of human and their apical-basal polarity and thus assume a less well
rat prostatic tumors as xenografts. A series of reports differentiated state (Bissell and Radisky, 200(1). This dra-
demonstrated that the growth of benign and cancerous matic alteration of epithelial cell phenotype can lead to
prostate epithelial cells in vivo was enhanced markedly by increased cell proliferation and tumorigenesis (Reich-
the co-presence of organ-specific and/or cancer-associ- mann, 1994; Naishiro et al., 2001).
ated stromal cells (Chung et al., 1989; Camps et al., 1990; However, the specific molecules responsible for tu-
Gleave et al., 1991; 1992). These studies were confirmed mor-induced changes in the microenvironment and the
by other laboratories which showed that prostate tumor reciprocal modifications of the tumor by its micro-
growth in vivo could be accelerated by cancer, but not by environment are largely unknown, as are the inter- and
benign tissue-associated stromal fibroblasts (Olumi et al., intra-cellular pathways that result from these influences.
1998; 1999; Wong and Wang, 2000). Dissecting the components of the stroma requires model
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major production sites of metallopro tel nases, which in-
crease ECM turnover and are thought to be critical to
the invasive property of tumor epithelium. Thus, global
changes in the tumor microenvironment could provide

% selective growth and survival advantages for certain tu-
mor cell clones, particularly in androgen-deprived con-
ditions.

Second, stromal reaction to tumor epithelium may be
-.0w, irreversible, if the reacting stromal cells receive an "in-

ductive cue" from tumor epithelium to undergo trans-
v D Rehf SnDiuepwt differentiation, whereby stromal fibroblasts adjacent to

tumor epithelium convert both morphologically and
[ , ,phenotypically to myofibroblasts (Ronnov-Jessen et al.,

1995; Elenbaas and Weinberg, 2001; Tuxhorn et al.,
Fig. I "Vicious cycle" of prostate cancer bone metastasis. This 2001, 2002).
figure describes the growth factor and extracellular matrix-me- Transition ofstromal fibroblasts to myofibroblasts with
diated activation of transcription factors, which control the matrix increased expression of vimentin pro-collagen type-I and
proteins, and MMPs activation. The vicious cycle may be initiated
first by the presence of growth factor/ECM milieu in the prostate tenascin has been observed (Tuxhorn et al., 20l). Using
cancer which up-regulates key transcription factors that modulate the laser capture microdissection (LCM) technique, gen-
matrix and metalIoproteinase expression in stromal cells. Increased etic aberrations were detected in the fibromuscular
expression of chemokines, cytokines, and transcription factors can stromal compartment surrounding tumor epithelium,
activate of additional growth factors and ECM pathways, which further supporting the reciprocal nature of the tumor-
drive prostate tumor cells to a more invasive and malignant state. stroma interaction (Moinfar et al., 2000). Although the

mechanisms of the genetic and phenotypic response of
stroma to adjacent tumor epithelium are currently un-

systems in which a single variable can be manipulated clear, possible mechanisms include: a) Transition or inter-
and assessed. In contrast to tumor-associated stroma, conversion of epithelium to stroma (Wernert et al., 2001);
normal stromal cells have a low proliferative index, b) Irreversible induction of stromal changes, both at the
probably secrete only the factors necessary to maintain morphologic and the biochemical levels, by soluble and
normal tissue function (Manabe and Owens, 2001), and insoluble factors secreted by tumor epithelium; c) Selec-
appear to be less responsive to inductive cues elaborated tion of previous existing clones of stromal cell popula-
from normal epithelium. tions and preferential expansion of these clones based on

their proliferative and survival advantages (Singer et al.,
1995; Tso et al., 2000); d) The combination of b and c

Stromal reaction to tumor epithelium above; that is, after prolonged "adaptation" to a tumor-
associated stromal microenvironment, permanent genetic

Since stromal cells from normal adult tissues are less changes may occur in the stromal cell population through
inductive, or often non-inductive, the experimental data a poorly understood "adaptive mutation" mechanism
imply that stromal cells exposed to tumor epithelium (Laval and Laval, 1984; Chung, 1995).
could be "activated" and acquire an inductive potential
to drive the subsequent neoplastic processes. This sug-
gestion is supported by several lines of evidence. A "vicious cycle" between prostate stroma and

First, morphologic "desmoplastic" stromal response tumor may be responsible for carcinogenesis in
to tumor epithelium often occurs around either primary primary prostate cancer
or metastatic tumor epithelium (Thompson et al., 1993;
Nemeth et al., 1999; Tuxhorn et al., 2001; 2002). A de- Studies using tissue and cell recombination models dem-
smoplastic stromal response is characterized by in- onstrate that growth and differentiation of the prostate
creased proliferation of fibromuscular stromal cells and gland depends on reciprocal cellular interaction between
enhanced deposition of extracellular matrices (ECMs) prostate epithelium and its adjacent stroma (Chung et

surrounding tumor epithelium. This active process could al., 1991; Cunha et al., 1996; Wong et al., 1998; Wong
be viewed as a part of the host-defense mechanism to and Wang, 2000). Evidence also suggests that androgen
curtail or restrict tumor expansion. Conversely, this re- receptor in the stroma rather than in the epithelium may
action and accompanying increased stromal cell number be critical for conferring the growth and differentiation
could provide a "fertile soil" supporting the growth and functions of the prostate gland (Cunha and Chung,
invasion of tumor epithelium through the increased pro- 1981; Thompson and Chung, 1984). When normal pros-
duction by stromal cells of growth factors and stroma- tate epithelium (Zhau et al., 1994; Chung, 1995) or uro-
associated ECMs. In addition, stromal cells are the thelium (Zhau et al., 1994) was used in these studies, the
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inductive fetal urogenital mesenchyme determined the the "outside-in" pathway, in which integrin activation
ultimate size of the tissue-tissue recombinant. However, induces cancer cell migration and invasion. Integrins
when prostate tumor tissues (Chung et al., 1984; Miller also cooperate with growth factors to promote cell pro-
et al., 1985) or tumor cells derived from the prostate liferation. When adherent tissue cells are released from
(Gleave et al., 1991; 1992) or urinary bladder (Zhau et their surrounding extracellular matrix, they forfeit sur-
al., 1994) were used in the experiments, the growth of vival signals and undergo apoptosis (Porter and Hogg,
the tissue-tissue or tissue-cell recombinants was uncon- 1998). In addition to interacting with stromal cells or
trolled and never reached a state of homeostasis. ECM, integrins can also form cis associations with other

One interpretation of these results is that signaling receptors on the same cell, forming multi-receptor corn-
between tumor and stroma is aberrant and resembles a plexes. These complexes recruit signaling molecules to
"vicious cycle" where a dysfunction of cytokine traffick- sites of cell-cell or cell-matrix adhesion, such as focal
ing exists between tumor and host cells (Mundy et al., complexes and focal adhesions (Edlund et al., 2001).
2001; Tester et al., 2002). There are several possible Integrins also play a crucial role in regulating the actin
mechanisms for the activation of a vicious cycle between cytoskeleton at the site of contact with ECMs. Although
tumor and stroma: 1) tumor cells secrete putative cyto- the detailed pathway is still not very clear, data show
kines, growth factors and/or extracellular matrices that that once integrins receive signals from ECMs they can
alter the morphology and gene expression of surround- turn on other genes such as cc-actin, talin, vinculin
ing stroma such that the altered stroma becomes highly and vasodilator-stimulated phosphoprotein. Signaling
inductive and reciprocally induces the growth and gene through Rho family pathways could activate Cdc42, Rac
expression of tumor epithelium, thus initiating the vi- and Rho genes which further turn on downstream sig-
cious cycle. Rowley and collaborators provided evidence naling pathways such as the calpain and JNK pathways.
that stromal fibroblasts surrounding tumor epithelium Integrins also could regulate the activation of the focal
underwent trans-differentiation to become a morpholog- adhesion kinase pathway, Src protein tyrosine kinase,
ically and biochemically distinct population of myo- and paxillin, which are important in the remodeling and
fibroblasts (Rowley, 1998; Tuxhorn et al., 2001; 2002). turnover of adhesion complexes (Martin et al., 2002).
Interestingly, they have shown that this type of stromal Modulation of integrin activation is closely linked to
response to tumor epithelium can predict PSA-free sur- gene expression, cell cycle progression and cellular be-
vival in patients with prostate cancer. 2) Tumor cells se- haviors, such as cell motility, migration, and survival
crete soluble factors that act in an autocrine manner to under various physiologic and pathologic conditions.
promote the vicious cycle regardless of the surrounding The increased expression of cX3 and 36 integrins com-
stroma. Under certain stress and androgen conditions, pared with normal cells has been demonstrated. The ex-
increased growth factors, such as vascular endothelial pression of c631 integrin on prostate cancer cells was
growth factor (VEGF) production by tumor cells, have linked to increased invasion of prostate cancer in a
been observed (Wong et al., 1998; Jackson et al., 2002). mouse model (Schmelz et al., 2002). We and other
Increased VEGF was shown to induce more oxygen groups have studied cell interactions with extracellular
stress and initiate the vicious cycle by promoting more matrix and stromal factors during disease progression
VEGF production by tumor cells, eventually causing an by characterizing integrin usage and expression in a
accumulation of neovasculature surrounding the tumor series of parental and lineage-derived LNCaP human
epithelium (Ferrer et al., 1997; 1998; Burchardt et al., prostate cancer cell lines (Cress et al., 1995; Allen et al.,
2000; Arbiser et al., 2002; Colavitti et al., 2002). 3) The 1998; Bello-DeOcampo et al., 2001; Edlund et al., 2001;
intrinsic genetic instability of tumor cells can be pro- Cooper et al., 2002; Schmelz et al., 2002). Although
moted by tumor-microenvironment interaction (Rhee et studies indicated the decrease of integrin heterodimers,
al., 2001; Tlsty, 2001). It is conceivable that increased the actual integrin expression on the cell surface showed
cytogenetic changes, with loss or gain of growth control no significant change; however, with disease progression,
genes, could fuel additional genetic instability not only integrin usage did change significantly. The more meta-
of tumor cells per se but also of their surrounding static sublines were distinct in their use of ccvp3 integrin
stroma (Moinfar et al., 2000). (Edlund et al., 2001). When compared with parental

LNCaP cells, the more metastatic sublines showed a
shift in ct6 heterodimerization, a subunit critical not only

Potential factors responsible for activating for interaction with prostate basal lamina but also for
prostate carcinogenesis and driving the interaction with bone matrix proteins, a favored site of
"vicious cycle" of prostate stroma and tumor prostate cancer metastases (Edlund et al., 2001). This

indicates that integrin usage changed during the pro-
Integrins gression of prostate cancer. The activation state of inte-

grins could be an important element in how cells adapt
Integrins are important in prostate cancer progression under different microenvironmental conditions. The
and metastasis. The major role of integrins in cancer is adaptive property of integrins could be enhanced further



with changes in mediators or ECMs during the meta- Vere White, 2000). Accordingly, elevated sensitivity to
static progression of prostate tumor epithelial cells, a bFGF may stimulate cancer cell proliferation and pro-
potential step toward migratory properties. tease expression, thereby supporting tumor growth and

The cav33 integrin heterodimer has been detected on invasion. In addition, overexpression of both FGFR-I
many different cell types, such as macrophage, endo- and FGFR-2 in prostate cancer epithelial cells in a sub-
thelial cells, osteoclasts, and cancer epithelial cells. The set of prostate cancers has been correlated with poor
activation of xvP3 in prostate cancer cells is mediated differentiation. Thus, there is both an increase in bFGF
by the FAK pathway that activates the downstream PI- concentration in stromal cells and increased expression
3 kinase/Akt pathway (Zheng et al., 2000). This triggers of receptors in tumor epithelial cells which respond to
alterations in cell adhesion and migration on a variety bFGF, establishing a potential paracrine loop between
of extracellular matrix proteins, including vitronectin, prostate cancer cells and their surrounding stromal cells,
fibronectin, fibrinogen, laminin, collagen, and osteopon- which may be important for prostate cancer progression
tin. ccvP33 has been shown to be important for prostate (Giri et al., 1999).
cancer bony metastasis by adhesion of cancer cells to bFGF also stimulates fibroblast proliferation and
bone matrix components, vitronectin, osteopontin, and extracellular matrix turnover through increased depo-
bone sialoprotein (BSP). Through analysis of DU145 sition and protease degradation (De Benedetti and
cell adhesion to ECM, Zheng and colleagues showed Harris, 1999; Dow and deVere White, 2000), and func-
that the adhesive property of DU145 cells can be de- tions as an angiogenic factor that induces endothelial cell
creased by LM609, a blocking avb3 antibody (Zheng et migration, proliferation, and differentiation into new
al., 1999; 2000). Osteopontin and vitronectin are com- blood vessels (De Benedetti and Harris, 1999). Thus,
mon proteins in mature bone and can potentially serve bFGF may promote prostate cancer progression by in-
as ligands for av03. ducing angiogenesis and stromal remodeling. A study

Integrin-associated protein (IAP/CD47) is a 50 kDa also indicates the increase of bFGF in tumor epithelial
single-chain protein composed of an extracellular im- cellsduetoinductionofstromalFGF-2(Girietal., 1999),
munoglobulin superfamily (IgSF) domain, five mem- thus potentially establishing a positive feedback loop. Hu-
brane-spanning sequences and a short cytoplasmic tail. man prostate cancer cell lines DU-145 and PC-3 have
IAP was first isolated as a protein associated with the been shown to express FGF-2 and metastasize to bone
integrins, avw33, cdlbP33, otv[5, and a20l1. Human cells (Dow and deVere White, 2000). Furthermore, studies of
that lack IAP are deficient in avb3mediated ligand bind- the Dunning rat model show that activation of bFGF ex-
ing (Porter and Hogg, 1998). In an affinity purification pression accompanied progression of epithelial cells to
study in which the 179-208 peptide of the a3(IV) chain malignancy (Yan et al., 1993). These data suggest a poss-
of collagen IV was used as the immobilized element, five ible contributing role for bFGF in the vicious cycle of tu-
proteins from melanoma and prostate cells were iso- mor formation and progression.
lated. The 3 proteins were shown to be CD47/IAP, the Platelet-derivedgrowthfactor (PDGF) is a 30-kD pro-
integrin b3 subunit, and the xv[33 integrin complex, re- tein consisting of disulfide-bonded homodimers or
spectively (Shahan et al., 1999), indicating that av[33 and heterodimers of A and B subunits, also designated as c-sis
IAP formed a complex in prostate cancer cells that (Sitaras et al., 1988). Its isoforms have been indicated as
could activate the functional property of av133 in pros- important duringembryonic development, particularly in
tate cancer epithelial cells. Another recent study indi- the formation of connective tissue in various organs
cated that av[3 inhibits endothelial cell apoptosis during (George, 2001). In adult tissues, the primary function of
angiogenesis through NF-KB activation (Cooper et al., PDGF is to stimulate wound healing via chemotaxis and
2002). Angiogenesis facilitates the growth and meta- mitogenesis of fibroblasts, and secretion of extracellular
stasis of tumors by providing support and facilitating matrix components (Tuxhorn et al., 2001). The normal
cancer migration. Together these studies suggest that physiologic targets for PDGF are stromal cells such as
xv]33 is important not only for the growth and survival fibroblasts, endothelial cells, smooth muscle cells, and
of tumor epithelium but for its supporting endothelium. glial cells. Thus, paracrine release of PDGF stimulates

stromal reactions in normal and pathologic states. Recep-
tor binding by PDGF is known to activate intracellular

Growth factors tyrosine kinase, leading to autophosphorylation of the
cytoplasmic domain of the receptor as well as phos-

The expression of basic fibroblast growthjaictor (bFGF, phorylation of other intracellular substrates. This reac-
FGF-2) has been shown to be significantly increased in tion is described as one in trans, i.e., the two receptor mol-
stromal fibroblasts in human prostate cancer and in en- ecules of the receptor dimer phosphorylate each other.
dothelial cells compared with normal tissue. Prostate Specific substrates identified with the beta-receptor in-
carcinoma cells have been shown to up-regulate fibro- clude Src, GTPase Activating Protein (GAP), phospholy-
blast growth factor receptor isoforms with a high affin- pase C (PLC) and phosphotidylinositol 3-phosphate.
ity for bFGF during cancer progression (Dow and de- Both PLC-7y and GAP seem to bind with different affin-



ities to the a- and P3-receptors, suggesting that the particu- Prostate cancer patients have shown increased serum
lar response of a cell depends on the type of receptor it IGF-l and a decrease of IGFBP-3 level (Mantzoros et
expresses and the type of PDGF dimer to which it is ex- al., 1997; Chan et al., 1998; 2002; Chokkalingam et al.,
posed. In addition to the above, a non-tyrosine phos- 2002; Grimberg et al., 2002). The increased serum IGF-
phorylation-associated signal transduction pathway can 1 concentration in prostate cancer patients could be
also be activated that involves the zinc finger protein Erg- from the stromal cells, metastatic prostate cancer epi-
1 (Khachigian and Collins, 1998). thelial cells or the liver. However, the study of IGF secre-

Immunohistochemical analysis of PDGF and tion is controversial. Some reports did not detect IGF-l
PDGFR indicated expression in both prostate epithelial production by prostate cancer cells (Cohen et al., 1991;
and stromal cell types and in PIN lesions (Fudge et al., Pietrzkowski et al., 1993; Connolly and Rose, 1994; An-
1996). In contrast, the normal epithelial cells do not ex- gelloz-Nicoud and Binoux, 1995). others indicated the
press PDGF nor PDGFR (Fudge et al., 1994). In vitro expression of IGF by prostate cancer cells (Jwamura et
study of PDGF indicates that release of PDGF from al., 1993; Kimura et al., 1996; Kaplan et al., 1999). In-
tumor cell lines stimulates prostate stromal cell prolifer- teractions between the glandular epithelium and the
ation (Vlahos et al., 1993). This suggests that de novo myofibroblasts and fibroblasts of the stromal compart-
expression of PDGF occurs early in prostate tumor pro- ment of the prostate gland appear to be regulated by
gression. The production and activation of PDGF could IGF-1 availability. IGF-l may act directly through the
further enhance the stromal reaction and contribute to androgen receptor pathway and may be regulated
the vicious cycle of tumor progression. through EGF-TGF-cc receptor regulatory signaling (Ki-

Recruitment of new blood vessel growth clearly illus- mura et al., 1996). This suggests the possible vicious
trates the importance of tumor-stromal interactions dur- cycle of IGF-l production in prostate cancer pro-
ing cancer progression. In normal human prostate gression. First, release of bFGF and PDGF induces
tissue, VEGF is reportedly expressed at low levels and IGF-I secretion from prostate stromal cells, which could
restricted to stromal cells. In high-grade PIN and pros- induce the increased production of androgen receptor
tate cancer, elevated expression of VEGF was observed and/or EGF from prostate tumor epithelial cells. The
in cancer, stroma and vascular endothelium (Ferrer et enhanced expression of the androgen receptor and elev-
al., 1997). Endothelial cells from microvessels in the sur- ated release of EGF can, in turn, further stimulate the
rounding stroma must be induced to migrate into the release of IGF-1 from stromal cells, which may promote
tumor, whereby they proliferate and form new blood the progression of prostatic carcinoma cells.
vessels to support tumor growth. This complex process Two huge molecules called plasminogen-related growth
is regulated by a delicate balance of angiogenesis in- factors (PRGFs), evolutionarily related to plasminogen,
ducers and angiogenesis inhibitors in the extracellular play an important role in inducing invasive growth of
milieu. Increased activator(s) and/or decreased inhibi- cancer progression. PRGF-l is also called hepatocyte
tor(s) alter the balance and lead to the growth of new growth factor/scatter factor (HGFISF). PRGF-2 is also
blood vessels (Hanahan, 1997). Several growth factors, known as macrophage-stimldating protein (MSP), scat-
such as VEGF, PDGF, TGF-3 and connective tissue terfactor-2 (Comoglio et al., 1999). HGF/SF has been
growth factor, from epithelium or stroma, could induce demonstrated to be important in prostate cancer pro-
angiogenesis (Nadal et al., 2002). gression and metastasis, while MSP may be an import-

Recent studies indicate that VEGF directly stimulates ant neurotrophic factor in embryonic development by
prostate tumor cells via autocrine and/or paracrine inducing superoxide anion production (Brunelleschi et
mechanisms (Sokoloff and Chung, 1998; Jackson et al., al., 2001; Rampino et al., 2002). It has been shown that
2002). One example demonstrated the possible role of both HGF/SF and MSP were up-regulated in the wound
VEGF as a mediator in the vicious cycle of tumor and repair process in a rat model (Cowin et al., 2001). HGF/
stroma, in which reactive oxygen species (ROS) could SF predominantly participates in a paracrine network.
participate in early prostate cancer epithelium growth Several mesenchymal-derived cells (fibroblasts) secrete
and development. Increased ROS could enhance the pro- HGF/SE It has been implicated as a mediator involved
duction of VEGF, further promoting ROS concentration in communication between epithelial cells and the micro-
in stromal fibroblasts. The resulting overexpression of environment (Comoglio and Trusolino, 2002). HGF/SF
VEGF from stromal fibroblasts could induce NoxI, is secreted predominantly by stromal fibroblasts and
MMP-9, VEGF, and VEGFR production and increase stimulates proliferation and migration of epithelial and
the overall tumor growth rate (Arbiser et al., 2002). endothelial cells during organ development and tissue

In normal prostate tissue, IGF-] is produced only by remodeling (Parr and Jiang, 2001). The secretion of
stromal cells, while prostate epithelial cells express insu- HGF/SF as an inactive pro-HGF, which is converted
lin-like growth factor binding proteins (IGFBP-2, 3, 4, into its bioactive form by a proteolytic cleavage by four
and 6) and the type I IGF receptor (Lopaczynski et al., proteases: urokinase (uPA), serine protease in the serum,
2001). It has been shown that both bFGF and PDGF coagulation factor XII, and its homologues (Comoglio
can enhance IGF-I production from endothelial cells. et al., 1999). It has also been shown that some epithelial
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cells secrete two potent inhibitors of pro-HGF acti- such IL-8. In human prostate cancer, IL-8 has been
vation (HAI-t and -2) that tightly control HGF/SF acti- shown to stimulate PC-3 prostate cancer cell migration
vation (Denda et al., 2002). and invasion in vitro through a reconstituted basement

In normal prostate epithelial cells, HGF/SF secreted membrane and both long-term migration and short-
by stromal cells causes growth inhibition, sustained term adhesion to laminin (Reiland et al., 1999). IL-8 is
phosphorylation of mitogen-activated protein kinase, produced by many different stromal cells, including en-
and increased gene expression consistent with cell differ- dothelial cells. IL-8 is also produced by various meta-
entiation. Several soluble factors increase the production static tumor cells, including prostate cancer cells (Kim et
of HGF/SF in myofibroblasts but not in normal prostate al., 2001). Furthermore, stress factors, such as hypoxia,
epithelial cells, such as IL-1I3, PDGF, bFGF, VEGF, and acidosis, nitric oxide (NO), and cell density, which in-
EGF (Zhu and Humphrey, 2000). Increased expression crease with the progression to malignancy, can also in-
of the HGF/SF receptor c-Met proto-oncogene has been fluence IL-8 production (Shi et al., 2000).
associated with progression of several types of carci-
noma, including that of the prostate (Humphrey et al.,
1995; Pisters et al., 1995; van Leenders et al., 2002). As Stromal response to early prostate inflammatory
mentioned above, the vicious cycle of bFGF, PDGF, and atrophy
VEGF could further mediate or enhance the secretion
of HGF/SF from stromal cells. Several studies have indi- Inflammatory reactions often result in the activation and
cated that the increased concentration of HGF/SF in recruitment of phagocytic cells (e.g., neutrophils and/or
ECM could further contribute to malignancy in DU145 tissue macrophages) whose products, such as cytokines,
or PC-3 prostate tumor cells, inducing migration (Gmy- oxidants and free radicals, result in injury to the tissue.
rek et al., 2001; Nishimura et al., 1999). Recent reports indicate that benign prostatic hyperplasia

(BPH) frequently exhibits infiltration of CD4(-t )/
CD45RO(+) memory T-lymphocytes. This infiltration

Cytokines could induce growth of myofibroblast cells in BPH. In-
creased level of cytokines, such as IL-2, IL-4 and TNE

In a normal homeostatic state, IL-6 levels are typically were also detected in T-cells in BPH but not in normal
very low. However, in response to microenvironment in- prostate (Kramer et al., 2002). Another study also indi-
flammatory factors, IL-6 can be released by wide variety cated the association of inflammation with BPH and
of cell types. Cells known to express IL-6 include CD8+ prostate cancer, and the increased expression of Bcl-2 in
T cells, fibroblasts, synoviocytes, adipocytes, osteo- these prostate patients (Gerstenbluth et al., 2002). The
blasts, megakaryocytes, endothelial cells (under the in- chronic inflammation status linked to the development of
fluence of endothelins), neurons, neutrophils, mono- tumor has been reported in several organ systems, includ-
cytes, colonic epithelial cells, and B cells. IL-6 produc- ing prostate cancer (De Marzo et al., 1999). The hypo-
tion is generally correlated with cell activation. Studies thetical mechanism involves repeated tissue damage and
of tumor stroma indicate that increased IL-6 could in- regeneration in the presence of highly reactive oxygen.
duce the progression of prostate tumor epithelial cells These reactive molecules, i.e. hydrogen peroxide (H20 2)
by inducing the release of other cytokines, bone resorp- released from the inflammatory cells interact with DNA
tion, and induction of thrombopoiesis (Smith et al., in the proliferating epithelium to produce permanent gen-
2001). Several groups have reported elevated serum omic alteration, such as frame-shift mutation, deletions,
levels of IL-6 upon progression of prostate cancer to an- and rearrangements, as well as increasing the epithelial
drogen-independence (Nakashima et al., 2000; Shariat proliferative rate (Gasche et al., 2001; Oda et al., 2001).
et al., 2001). It is possible that mediators released from Recent studies of prostate cancer indicated inflammatory
prostate tumor epithelial cells could further enhance the responsive cells at the juxtaposition of highly proliferative
production of IL-6 from both stromal and inflammatory prostate epithelial cells, referred to as a Proliferative In-
cells. The increase concentration of IL-6 in ECM may flammatory Atrophy lesion (PIA lesion). Studies demon-
further induce prostate tumor epithelial cells to produce strated mononuclear and/or polymorphonuclear in-
mediators and IL-6R. Once prostate cancers reach ma- flammatory cells in both the epithelial and stromal com-
lignancy, the tumor epithelial cells can produce IL-6 partments, and stromal atrophy with variable amounts of
themselves and form an active autocrine loop. fibrosis. Luminal epithelial cells of PIA lesions have elev-

A recent study indicated the increase of both IL-6 and ated levels of Bcl-2, decreased expression of p27K•i, and
IL-6R in prostate tumor epithelial cells with the increase increased levels of ar-class glutathione S-transferase
of malignancy (Giri et al., 2001), again suggesting a "vi- (GSTP1) (De Marzo et al., 1999). In vivo study of H202
cious cycle" mediated by IL-6 during the early develop- and GSTs indicated that H20 2 enhances the expression of
ment of prostate cancer and becoming an increasingly GSTP1 (Liu et al., 2001). This indicates that increase ex-
active autocrine loop in highly metastatic tumors. Simi- pression of GSTs in PIA may be due to increased concen-
lar vicious cycles have been shown for other cytokines, trations of H 20 2 in the stromal microenvironment during



the PIA stage. However, PIN and prostate cancer cells
rarely express GSTcY isoenzyme (GSTAI) and GSTP1 as
a result of increased methylation of GSTP1 in a "CpG is- pr"'.
land" which inactivates GSTP1 (De Marzo et al., 1999;
Parsons et al., 2001). 7ý- ,.11-"

The phenotypic switch of stromal cells, extracellular ECM

matrix remodeling, increased growth factor availability,
elevated protease activity, increased angiogenesis, and re- M." rý C.
cruitment of inflammatory cells were observed in cancer
progression. The stromal response to cancer shows simi- * 0

larity to the wound repair response (Tuxhorn et al.,
2001), and it is possible that these conditions could pro- Vf *
mote tumorigenesis. The phenotypic switch between R

fibroblast and myofibroblast indicates increased extra- ROS .. "'O

cellular matrix remodeling during prostate cancer pro-
gression. In normal prostate it has been reported that
the "stromal network of collagen fibers is loosely woven, Fig. 2 The multi-step processes of prostate cancer metastasis to

fine and smooth in texture," while in Gleason-score bone. Once prostate cancer cells gain the ability to extravasate into
seven adenocarcinoma the collagen fibers "appeared the bloodstream, prostate cancer cells move as embolus prior to

swollen in diameter" and there was "no regularity in the adhering to bone marrow-associated endothelial cells. The attach-
ment and interaction of prostate cancer cells to marrow endothelialspatial relationship of the fibers" (Keller et al., 2001; ECMs could activate the invasive properties of prostate cancer cells

Tuxhorn et al., 2001). This suggests that remodeling of and allow their extravasation into the marrow space. Prostate can-
the extracellular matrix is one of the key features of cer cells than interact directly with osteoblast and osteoclast
stromal reaction in prostate cancer. through a series of soluble factors via cell surface receptor (e.g.,

RNAK) to invade and replace the bone marrow components.

Prostate cancer and bone stromal interaction

The progression of prostate cancer from the androgen- A conceptual framework will be introduced here to
dependent to the androgen-independent and bone meta- illustrate the following issues. 1) Bone stromal reaction
static state is considered a poor and generally lethal to cancer epithelium may signal further tumor pro-
prognosis. To understand the molecular basis of disease gression. Altered bone stromal cells, in response to tu-
progression and develop rational new therapeutic ap- mor epithelium, may induce further epithelial genetic
proaches for targeting prostate cancer bone metastasis, and phenotypic changes and thus contribute to a vi-
we must first understand the multi-step processes that cious-cycle cascade in the androgen-independent and
lead to prostate cancer metastasis to bone. As depicted metastatic progression of prostate cancer (Fig. 1). 2) Co-
in Fig. 2, at the site of primary cell growth we expect targeting tumor and stroma could starve or kill tumor
prostate cancer cells to interact with prostate stromal cells from their supporting microenvironment and could
cells and gain the ability to extravasate into the blood- offer the greatest benefits for inducing tumor regression
stream. In the blood, prostate cancer cells are expected and sustaining the long-term survival of patients with
to survive and move as an embolus prior to adhering to prostate cancer skeletal metastasis and its associated
bone marrow-associated endothelial cells. The attach- complications.
ment and interaction of prostate cancer cells to marrow By using a human prostate cancer co-culture model,
endothelial ECMs could activate the invasive properties our laboratory has obtained evidence suggesting that
of prostate cancer cells and allow their extravasation non-random genetic changes occur in human bone
into the marrow space. At the final step of this pro- stromal cell line MG-63, after co-culturing with the hu-
gression, prostate cancer cells interact directly with os- man androgen-independent prostate cancer cell line C4-
teoblasts and osteoclasts through a series of soluble fac- 2 (a lineage-derived LNCaP subline with growth and
tors (e.g., receptor activator of NF-KB ligand, RNAKL) metastatic potential to lymph node and bone when in-
via cell surface receptor (e.g., RNAK) to survive, pro- jected subcutaneously or orthotopically in castrated
liferate, migrate and invade and eventually replace the mice) under 3-D conditions. The 3-D model is valuable
bone marrow components. To understand the cellular for the evaluation of the prostatic tumor-bone stroma
and molecular basis of the prostate tumor-bone stroma interaction in vitro. The participation of bone stroma in
interaction, it is essential to delineate how the soluble tumor growth and progression suggests that when pros-
growth factors and extracellular matrices participate re- tate cancer metastasizes to bone, there are complex and
ciprocally in the progression of prostate cancer toward reciprocal cellular interactions between populations of
androgen-independence and bone metastasis. tumor and host bone cells.
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Factors driving the "vicious cycle" between prostate
"Vicious cycle" between prostate cancer and cancer and bone cells
bone stroma

Guise and colleagues (Chirgwin and Guise, 2000) and
Laboratory observations Mundy (Mundy, 2002) presented the concept of a "vi-

cious cycle" involving TGF-P3 produced by bone cells
While clinical human prostate cancer is predominantly that promotes the production of PTHrP by many of tu-
osteoblastic, the established human prostate human can- mor cells, including prostate and breast tumor cells.
cer cell lines inoculated and grown in the bone of im- PTHrP stimulates bone turnover by enhancing osteolyt-
mune-compromised mice yield both osteoblastic and os- ic reaction in the bone. Increased release of TGF-f3 could
teolytic lesions. Apparently, prostate cancer cells can result from rapid bone turnover, and this may trigger
participate in the process of bone turnover by exhibiting increased PTHrP production by cancer cells. The pro-

properties similar to osteoblasts, the so-called "osteomi- duction of PTHrP by tumor cells will induce osteolytic
metic" properties of prostate cancer cells as reported cells to express an increased level of RANK ligands,
earlier (Koeneman et al., 1999). Much evidence supports which can promote osteoclast formation/activation and

this interesting phenotype of prostate cancer cells, in subsequently increased bone resorption. The enhanced

which they behave like osteoblasts. Prostate cancer cells resorptive process by osteoblasts and osteoclasts leads

express both soluble and membrane-bound RANK to "bone pitting" and subsequent colonization by cancer

ligands and were shown to participate directly in osteo- cells in the skeleton and associated bone destruction

clastogenesis (Koeneman et al., 1999; Matsubara et al., often observed in cancer patients. Thus, a "'vicious

2001; Zhang et al., 2001; Yeung et al., 2002). Prostate cycle" may exist between TGF-3, PTHrP, RANK

cancer cells expressed a number of non-collagenous ligands in osteolytic prostate cancer. Interrupting the vi-

bone matrix proteins, such as osteocalcin, osteopontin, cious cycle in cancer models using anti-PTHrP anti-
osteonectin and bone sialoprotein, alkaline phosphatase, bodies or osteoprogerin (OPG) has been shown to re-

and a key transcription factor, Runx 2 (cbfal) that con- duce colonization of cancer metastasis to bone (Zhang
trols the transcription of osteocalcin and collagenous-3 et al., 2001).

(D'Alonzo et al., 2002). In addition, upon exposure to Transforming growth factor-P3 (TGF-P3) is a 25-kDa

mineralizing cell culture conditions, prostate cancer cells disulfide-linked polypeptide which coordinates cell func-

have been shown to form bona fide mineralized bone tion over distances by binding to cell surface receptors.
crystals as detected by electron microscopy (Lin et al An immunohistochemical study of mouse prostate de-crytal ahesded byse lctrons maicrtheposcopility (L et al., velopment indicated that TGF-[3l is expressed in mes-
2001). These observations raise the possibility that sol- enchymal cells (Timme et al., 1995). It was initially char-
uble and/or matrix-associated molecules may be respon- acterized by its effects on epithelial function and pro-
sible for signaling between prostate cancer and bone liferation (Cui et al., 1995), but it is also an important
stromal cells. Since bone-homing prostate cancer cells mediator of stromal reaction (Wakefield and Roberts,
seek to adhere, colonize, and survive in bone, it is of 2002). Responses to TGF-[3 include phenotypic changes
pivotal importance to find out how prostate tumor and affecting adhesion, migration, differentiation, and cell
bone cells interact with the hope of identifying novel fate. In general, TGF-ý stimulates the production of
therapeutic targets for the treatment of prostate cancer ECM components, inhibits degradation, and alters inte-
bone metastasis. One attractive hypothesis is that pros- grin expression. It follows that all of these effects can
tate cancer cells may behave like osteoblasts and func- significantly alter cell behavior.
tionally participate in bone turnover. By markedly in- TGF-P3 is abundant in latent forms that circulate or
creasing the basal rate of bone turnover, this may are bound to the ECM in bone. Activated TGF-jB can
further enhance prostate cancer cell colonization in bone bind to ubiquitous heterodimeric receptors and induce
(Cher, 2001; Nemeth et al., 2002). This hypothesis is signal cascade through the SMAD pathway (Taipale et
supported by some clinical observations, where bisphos- al., 1998). Stromal and epithelial cells of malignant and
phonates, an effective class of agents that slow down or nonmalignant prostatic tumors express all three TGF-P
inhibit bone resorption, have been shown to reduce can- isoforms and their related receptors which act as para-
cer cell colonization in experimental models of prostate crine and autocrine factors, influencing prostate func-
and breast cancers (Coleman, 2001; Lee et al., 2001). tion and stromal-epithelial cell interaction (Cardillo et
In men harboring prostate cancer, there is evidence that al., 2000). These data indicate that TGF-31 produced by
increased bone resorption occurs upon castration, carcinoma cells acts on the surrounding stromal cells,
Whether these changes in bone turnover subsequent to which in turn induces stromal cells to release cytokines
hormonal manipulation or bisphosphonate treatment to further promote the malignancy of the cancer cells.
after prostate cancer cell colonization in bone affect the In addition to the TGF-P and PTJ-irP connection, a
natural history of prostate cancer progression should be number of other candidate molecules may also contrib-
the subject of future thorough investigation. ute to the vicious cycle of cancer growth and bone rneta-



stasis. For example, bone is a rich source of hydrogen in 14 of 14 primary cancers and 14 of 16 metastatic sites.
peroxide, and hydrogen peroxide has been shown to in- Exogenous ET-1 induces prostate cancer proliferation
crease the production of vascular endothelial growth directly and enhances the mitogenic effects of IGF I,
factor (VEGF) by tumor cells. There is evidence that IGF II, PDGF, bFGF, and EGF in serum-free con-
increased VEGF could further stimulate increased pro- ditions in vitro. ETA antagonist A-127722 inhibits ET-1-
duction of hydrogen peroxide by tumor and bone cells. stimulated growth, but the ETB-selective receptor antag-
Since VEGF is known to be required to support tumor onist BQ-788 does not. ET-3, an ETB-selective agonist.
growth and colonization, it is possible that a hydrogen also had no effect on prostate cancer growth. No specific
peroxide/VEGF connection contributes to the vicious ETB-binding sites could be demonstrated in any estab-
cycle between tumor and bone cells (Arbiser et al., lished human prostate cancer cell line tested, and EIB
2002). mRNA, detected by reverse transcription PCR, was re-

Endothelium-1 (ET-1) may also contribute to osteo- duced. The predominance of ETB binding in human be-
blastic reaction when prostate cancer cells colonize to nign prostatic epithelial tissue is not found in metastatic
bone. ET-1 production is negatively regulated by andro- prostate cancer by autoradiography. Furthermore, a
gen. Thus castration could potentially reduce osteo- study of ET-I in prostate cancer bone metastasis demon-
blastic reactions in bone through the reduction of ET-l. strated that ET-1 is mitogenic for osteoblasts, inhibits
However, ET-1 and its interaction with receptor ET-lA osteoclastic bone-resorption, and induces the formation
could participate in the osteoblastic reaction and spur of osteoblastic lesions. All this suggests that ET-1 is in-
the vicious cycle in prostate cancer and bone by in- volved in the new bone formation associated with pros-
creased production of IL-lQ, IL-113, TNF-c, and TGF- tate cancer metastasis (Nelson et al., 1999).
[3 (Le Brun ct al., 1999; Granchi et al., 2001). Increased Tests of the mitogenic property of ET-I indicated that
production of TGF-[3, EGF and IL-I 13 has been shown other factors also can be co-factors with ET-I, such as
to upregulate ET-I, hence altering the growth factor and bFGF and IGFs. PDGF and ET-I also can play a role in
cytokine milieu in bone in response to ET-1 growth fac- tumor angiogenesis in conjunction with VEGE Clinical
tor (Granchi et al., 2001). Cytokines may contribute to trials of ET-A receptor antagonist in prostate cancer in-
further prostate cancer growth and colonization to dicated that it could help patients, if they could tolerate
bone. mild but pervasive symptoms related to ET-I's vaso-

ET-I, composed of 21 amino acid residues, was orig- constrictive effects (Kopetz et al., 2002).
inally isolated from porcine aortic endothelial cells (Ku- A recent study (Taichman et al., 2002) showed that
rihara et al., 1989). ET-1 is one of the four families of stromal chemokine and receptor, such as stromal cell-
vasoactive peptides that include endothelin-2 (ET-2), en- derived factor-1 (SDF-1 or CXCL12) and its receptor
dothelin-3 (ET-3), and endothelin-4 (ET-4) (Cun- (CXCR4), may play a role as prostate cancer bone meta-
ningham et al., 1997). All members of the endothelin stasis homing signals. The level of CXCR4 increased
family contain two essential disulfide bridges and six with the malignancy of the prostate cancer cell lines by
conserved amino acid residues at the C-terminus. In ad- both RT-PCR and Western blot analysis. The increased
dition, they all are synthesized as pre-pro-polypeptides expression of CXCR4 also increased spreading to bone
which need to be cleaved to produce pro-polypeptides. in animal studies. An in vitro study of cellular spreading
The pro-ET-1 is proteolytically cleaved by a membrane- in basement membrane indicates that spreading can be
bound metalloproteinase, endothelin-converting enzyme inhibited by CXCR4 antibody. These findings suggest
(ECE-l), produced by endothelial and epithelial cells that chemokine and its receptor could also be important
(Xu et al., 1994). Two receptors for endothelins have in prostate cancer bone metastasis.
been characterized, designated ETA and ETB. Although Together, these studies indicate that the process of
these receptors are structurally and functionally differ- prostate cancer bone metastasis is a complicated path-
ent, they share some similarities. Both are seven mem- way requiring multiple chemokines, cytokines, and
brane domain receptors coupled through G proteins to membrane proteins. These complexities also suggest the
phospholipase C. Both have an N-terminal signal se- possibility of therapeutic strategies specifically focused
quence and a long N-terminal extracellular domain on co-targeting and disrupting key carcinoma-stroma in-
(Sakurai et al., 1992). ETA shows a higher affinity for teractions.
ET-I than for ET-2 and the lowest affinity for ET-3. The
ETB receptor shows approximately equal affinity for
each of the endothelins. Both ETA and ETB have been Cancer therapy based upon co-targeting tumor
identified in prostate tissue. Stroma has higher concen- and stroma
tration of ETA, while ETB is predominately in the epi-
thelial cells of the prostate (Remuzzi and Benigni, 1993). Laboratory and clinical observations

In human prostate cancer progression, ET-1 and ETA
expression is retained, whereas ETB receptor expression Because prostate cancer growth is highly susceptible to
is reduced. ET-I protein expression was detected in situ tumor-microenvironment interaction and experimen-
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tally can be promoted by stromal fibroblasts, it is matrices. To metastasize to bone, cancer cells must be
reasonable that control of prostate tumor growth might able to survive "hostile" circulatory compartments, in-
be optimized by co-targeting both tumor and stroma. To cluding the blood and lymphatic channels. The mere de-
explore this concept, we designed studies to co-culture tection of cancer cells in blood or marrow stromal com-
prostate cancer cells and bone stroma in vitro, establish- partments may not reflect the "vitality" of cancer cells.
ing chimeric tumor models consisting of human prostate Solakoglu, et al (Solakoglu et al., 2002) recently demon-
cancer cells and bone stroma. By introducing a "by- strated that the outgrowth of cytokeratin-positive tumor
stander" therapeutic gene, herpes simplex thymidine ki- cells from bone marrow can be detected in 81% of pros-
nase (hsv-TK), to stromal cells only, we observed effec- tate cancer patients. Increased cell viability in patients
tive cell kill in tumor epithelium in vitro and shrinkage correlated with increased cancer-related deaths.
of tumor size in vivo upon addition of a pro-drug, gancy- From our use of prostate cancer cell lines as a model
clovir (GCV). Since there were no identifiable gap junc- to study carcinoma-stroma interaction, we suggest that
tions between prostate tumor cells and bone stroma a switch of transcriptional factors must occur during the
under the electron microscope, we concluded that there pathogenesis of prostate cancer. This biochemical switch
must be metabolic cooperation between tumor epithel- could occur early, even when epithelial cells are still in
ium and bone stroma mediated by soluble factors and the primary stage, since even then the expression of
extracellular matrices. By interrupting this communi- bone-like proteins such as osteocalcin, osteopontin, os-
cation, and targeting both tumor and stroma, tumor teonectin, and bone sialoprotein was detected. Consider-
growth and survival may be adversely affected. Concep- ing how osteocalcin promoter in prostate cancer cells
tually, co-targeting tumor and stroma in prostate cancer is regulated, a vicious cycle could occur at the level of
bone metastasis is a rational approach to the "vicious transcription factor activation, wherein the coordinated
cycle" constantly operating between tumor and stroma. activation of transcription factors by known soluble fac-
Directly inducing cell-kill of tumor epithelium and tors and ECM-integrin signaling culminates in the abil-
starving cancer cells by disrupting tumor interaction ity of prostate cancer cells to proliferate and survive in
with the stromal compartment could achieve the best bone. Numerous links have been established between the
possible tumor regression. up-regulation of transcription factors such as Runx-2

In our laboratory, we co-targeted tumor and stroma and the potential alteration of cellular behavior that
using an adenoviral vector in which therapeutic gene ex- could lead to increased cell growth and spread to bone.
pression was controlled by a tissue-specific and tumor Runx-2 is a potent and specific transcription factor
restrictive promoter, such as osteocalcin, osteonectin, or that controls mesenchymal-epithelial interaction in
bone sialoprotein. These have been shown to be highly tooth development (D'Souza et al., 1999). Apparently,
effective in inducing long-term tumor regression, and Runx-2 activation is controlled by soluble growth fac-
even some cure in pre-established tumor in the skeleton tors, and upon activation it can regulate soluble growth
with administration of the adenovirus through the intra- factor secretion, which ultimately controls the growth
venous route (Hsieh and Chung, 2001; Matsubara et al., and differentiation of enamel tooth epithelium. Based
2001; Hsieh et al., 2002). This concept of bone targeting upon this and other published data, we proposed that
to improve therapeutic effects has received clinical sup- activation of similar transcription factors such as Runx-
port. Tu and colleagues (Tu et al., 2001) reported a sig- 2 in prostate cancer cells could potentially enhance pros-
nificant prolongation of patient survival by targeting tate cancer cell invasion and migration through the in-
bone with strontium 89 and prostate tumors with duction of collagenase (e.g., collagenase 3) and other
chemotherapy. metalloproteinases. The concomitant induction of

Runx-2, collagenase 3, and other growth and differen-
tiation supportive factors could enhance prostate cancer

Molecular basis of co-targeting survival and invasion. Similarly, the activation of the
cxV[3 and cc2VP31 integrin-ECM pathways may promote

The bone microenvironment was depicted by Paget over outside-in signals that result in enhanced cell migration
a century ago as a specialized "soil" that favors the and invasion.
metastasis of certain selective cancer cell types ("seed"). We proposed earlier that prostate cancer metastasis to
While the precise mechanism by which cancer cells home bone is not a random process. It involves the specific
to bone is still unknown, several attractive ideas and recognition of cancer cells by bone as "self" and the
hypotheses have been proposed. Bone must express cer- production of bone-like proteins by cancer cells. The ex-
tain chemo-attractants that selectively retain circulating pression of bone-like proteins by prostate cancer cells
cancer cells, and cancer cells must express cognate may allow them to adhere, proliferate and survive in the
ligands or receptors allowing them to attach to bone bone microenvironment and participate in certain nor-
marrow-associated endothelial cells, marrow stromal mal functions of bone cells, i.e., bone resorption.
cells or osteoblasts, and/or respond to bone-derived Cancer cells express a bone-like phenotype early,
growth factors, cytokines/chemokines or extracellular when they are in primary lesions. This raises the possi-
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bility that the expression of bone-like proteins by cancer Chan, J.M., Stampfer, M.J., Giovannucci, E., Gann, PH., Ma, J.,
cells and reactive stroma may serve as a prognostic bio- Wilkinson, P, Hennekens, C.H. and Pollak, M. (1998) PlasmaSinsulin-like growth factor-I and prostate cancer risk: a prospec-
marker for prostate cancer bone metastasis and possibly tive study. Science 279:563-566.
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may occur at the transcription level. Transcriptional fac- tumor-bone interactions in osteolytic metastases. Crit Rev Euka-
tor switching could be of fundamental importance in de- ryot Gene Expr 10:159-178.
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cer therapy. Interrupting the activation of bone-like pro- normal and malignant growth. Cancer Surv 23:33-42.
Chung, L.W, Chang, S.M., Bell, C., Zhau, H.E., Ro, J.Y. and von

teins in tumor epithelium and bone stroma may prevent Eschenbach, A.C. (1989) Co-inoculation of tumorigenic rat
prostate cancer cell adherence, proliferation, and sur- prostate mesenchymal cells with non-tumorigenic epithelial cells
vival in bone. results in the development of carcinosarcoma in syngeneic and

athymic animals. tnt J Cancer 43:1179-1187.
Chung, L.W, Gleave, M.E., Hsieh, JT., Hong, S.J. and Zhau, H.E.

Acknowledgements This work was funded in part by the following (1991) Reciprocal mesenchymal-epithelial interaction affecting
grants: NIH CA-76620, DOD DAMD 17-00-1-0526, and NASA prostate tumour growth and hormonal responsiveness. Cancer
NCC8-171. Surv 11:91-121.

Chung, L.W., Matsuura, J. and Runner, M.N. (1984) Tissue inter-
actions and prostatic growth. I. Induction of adult mouse pros-
tatic hyperplasia by fetal urogenital sinus implants. Biol Reprod

References 3 1:155-163.
Cohen, P, Peehl, D., Lamson, G. and Rosenfeld, R. (1991) Insulin-

Allen, M.V, Smith, G.J., Juliano, R., Maygarden, S.J. and Mohler, like growth factors (IGFs), IGF receptors, and IGF-binding pro-

J.L. (1998) Downregulation of the beta4 integrin subunit in pros- teins in primary cultures of prostate epithelial cells. J Clin En-

tatic carcinoma and prostatic intraepithelial neoplasia. Hum docrinol Metab 73:401-407.

Pathol 29:311-318. Colavitti, R., Pani, G., Bedogni, B., Anzevino, R., Borrello, S., Wal-

Angelloz-Nicoud, P and Binoux, M. (1995) Autocrine regulation tenberger, J. and Galeotti, T. (2002) Reactive oxygen species as

of cell proliferation by the insulin-like growth factor (IGF) and downstream mediators of angiogenic signaling by vascular endo-

IGF binding protein-3 protease system in a human prostate car- thelial growth factor receptor-2/KDR. J Biol Chem 2773101.
cinoma cell line (PC-3). Endocrinology 136:5485-5492. 3108.

Arbiser, J.L., Petros, J., Klafter, R., Govindajaran, B., McLaugh- Coleman, R.E. (2001) Metastatic bone disease: clinical features.

lin, E.R., Brown, L.F., Cohen, C., Moses, M., Kilroy, S., Arnold, pathophysiology and treatment strategies. Cancer Treat Rev
R.S. and Lambeth, J.D. (2002) Reactive oxygen generated by 27:165-176.
NoxI triggers the angiogenic switch. Proc Nati Acad Sci USA Comoglio, PM., Tamagnone, L. and Boccaccio, C. (1999) Plas-
99:715-720. minogen-related growth factor and semaphorin receptors: a gene

Bello-DeOcampo, D., Kleinman, H.K. and Webber, M.M. (2001) superfamily controlling invasive growth. Exp Cell Res 253:88 -

The role of alpha 6 beta I integrin and EGF in normal and 99.
malignant acinar morphogenesis of human prostatic epithelial Comoglio, PM. and Trusolino, L. (2002) Invasive growth: from
cells. Mutat Res 480-481:209-217. development to metastasis. J Clin Invest 109:857-862.

Bissell, M. J. and Radisky, D. (2001) Putting tumours in context. Connolly, J.M. and Rose, D.P (1994) Regulation of DU145 human
Nature Rev Cancer 1:46-54. prostate cancer cell proliferation by insulin-like growth factors

Brunelleschi, S., Penengo, L., Lavagno, L., Santoro, C., Colangelo, and its interaction with the epidermal growth factor autocrine
D., Viano, I. and Gaudino, G. (2001) Macrophage stimulating loop. Prostate 24:167-175.
protein (MSP) evokes superoxide anion production by human Cooper, C.R., Chay, C.H. and Pienta, K.J. (2002) The Role of
macrophages of different origin. BrJ Pharmacol 134:1285-1295. alpha(v)beta(3) in Prostate Cancer Progression. Neoplasia

Burchardt, M., Burchardt, T., Chen, M.W, Hayek, O.R., Knight, 4:191-194.
C., Shabsigh, A., de La Taille, A. and Buttyan, R. (2000) Vascu- Cowin, A.J., Kallincos, N., Hatzirodos, N., Robertson, J.G., Pick-
lar endothelial growth factor-A expression in the rat ventral ering, K.J., Couper, J. and Belford, D.A. (2001) Hepatocyte
prostate gland and the early effects of castration. Prostate growth factor and macrophage-stimulating protein are upregu-
43:184-194. lated during excisional wound repair in rats. Cell Tissue Res

Camps, J.L., Chang, S.M., Hsu, T.C., Freeman, M.R., Hong, S.J., 306:239-250.
Zhau, H.E., von Eschenbach, A.C. and Chung, LW. (1990) Cress, A.E., Rabinovitz, I., Zhu, W. and Nagle, R.B. (1995) The
Fibroblast-mediated acceleration of human epithelial tumor alpha 6 beta I and alpha 6 beta 4 integrins in human prostate
growth in vivo. Proc Natil Acad Sci USA 87:75-79. cancer progression. Cancer Metastasis Rev 14:219 228.

Cardillo, M.R., Petrangeli, E., Perracchio, L., Salvatori, L., Cui, W., Fowlis, D.J., Cousins, F.M., Duffie, E., Bryson, S., Bal-
Ravenna, L. and Di Silverio, E (2000) Transforming growth fac- main, A. and Akhurst, R.J. (1995) Concerted action of TGF-
tor-beta expression in prostate neoplasia. Anal Quant Cytol His- beta 1 and its type II receptor in control of epidermal homeo-
tol 22:1-10. stasis in transgenic mice. Genes Dev 9:945-955.



518

Cunha, G.R. and Chung, L.W. (1981) Stromal-epithelial interac- Corty, EW, Ferguson, K. and Resnick, M.I. (2002) Distribution
tions-L. Induction of prostatic phenotype in urothelium of tes- of chronic prostatitis in radical prostatectomy specimens with
ticular feminized (Tfm/y) mice. J Steroid Biochem 14:1317-1324. up-regulation of bcl-2 in areas of inflammation. J Urol 167:2267

Cunha, G.R., Hayward, S.W., Dahiya, R. and Foster, B.A. (1996) 2270.
Smooth mnuscle-epithelial interactions in normal and neoplastic Giri, D., Ozen, M. and Ittmann, M. (2001) lnterleukin-6 is an auto-
prostatic development. Acta Anat (Basel) 155:63-72. crine growth factor in human prostate cancer. Am J Pathol

Cunningham, M.E., Huribal, M., Bala, R.J. and McMillen, M.A. 159:2159-2165.
(1997) Endothelin-I and endothelin-4 stimulate monocyte pro- Giri, D., Ropiquet, E and lttmann, M. (1999) Alterations in expres-
duction of cytokines. Crit Care Med 25:958-964. sion of basic fibroblast growth factor (FGF) 2 and its receptor

D'Alonzo, R.C., Kowalski, A.J., Denhardt, D.T., Nickols, G.A. FGFR-I inhuman prostate cancer. ClinCancerRes5:1063--1071.
and Partridge, N.C. (2002) Regulation of collagenase-3 and oste- Gleave, M., Hsieh, J.T., Gao, CA., von Esehenbach, A.C. and
ocalcin gene expression by collagen and osteopontin in differen- Chung, L.W. (1991) Acceleration of human prostate cancer
tiating MC3T3-EI cells. J Biol Chem 277:24788-24798. growth in vivo by factors produced by prostate and bone fibro-

De Benedetti, A. and Harris, A.L. (1999) eIF4E expression in tu- blasts. Cancer Res 51:3753-3761.
mors: its possible role in progression of malignancies. lnt J Bio- Gleave, M.E., Hsieh, J.T., von Eschcnbach, A.C. and Chung,. L.W
chem Cell Biol 31:59-72. (1992) Prostate and bone fibroblasts induce human prostate can-

De Marzo, A.M., Marchi, VL., Epstein, J.1. and Nelson, \.G. cer growth in vivo: implications for bidirectional tumor-stromal
(1999) Proliferative inflammatory atrophy of the prostate: impli- cell interaction in prostate carcinoma growth and metastasis. J
cations for prostatic carcinogenesis. Am J Pathol 155:1985-1992, Urol 147:1151-1159.

Denda, K., Shimomura, T., Kawaguchi, T., Miyazawa, K. and Kit- Granchi, S., Brocchi, S., Bonaccorsi, L., Baldi, E., Vinci, M.C.,
amura, N. (2002) Functional characterization of Kunitz domains Forti, G., Serio, M. and Maggi, M. (2001) Endothelin-1 produc
in hepatocyte growth factor activator inhibitor type 1. J Biol tion by prostate cancer cell lines is up-regulated by factors in-
Chem 277:14053-14059. volved in cancer progression and down-regulated by androgens.

Dow, J. K. and deVere White, R.W. (2000) Fibroblast growth factor Prostate 49:267 277.
2: its structure and property, paracrine function, tumor angio- Gmyrek, G.A., Walburg, M., Webb, C.P, Yu, H.M., You, X..
genesis, and prostate-related mitogenic and oncogenic functions. Vaughan, ED., Vande Woude, G.E and Knudsen, B.S. (2001)
Urology 55:800-806. Normal and malignant prostate epithelial cells differ in their i'

D'Souza, R.N., Aberg, T., Gaikwad, J., Cavender, A., Owen, M., sponse to hepatocyte growth factor/scatter factor. Am J Pathol
Karsenty, G. and Thesleff, 1. (1999) Cbfal is required for epi- 159:579-590.
thelial-mesenchymal interactions regulating tooth development Grimberg, A., Liu, B., Bannerman, P., El-Deiry, WS. and Cohen,
in mice. Development 126:2911-2920. P (2002) IGFBP-3 mediates p53-induced apoptosis during serum

Edlund, M., Miyamoto, T., Sikes, R.A., Ogle, R., Laurie, GW., starvation. Int J Oncol 21:327-335.
Farach-Carson, M.C., Otey, C.A., Zhau, H.E. and Chung, L.W. Hanahan, D. (1997) Signaling vascular morphogenesis and main-
(2001) Integrin expression and usage by prostate cancer cell lines tenance. Science 277:48-50.
on laminin substrata. Cell Growth Differ 12:99-107. Hsieh, C.L. and Chung, L.W. (2001) New prospectives of prostate

Elenbaas, B. and Weinberg, R.A. (2001) Heterotypic signaling be- cancer gene therapy: molecular targets and animal models. Crit
tween epithelial tumor cells and fibroblasts in carcinoma forma- Rev Eukaryot Gene Expr 11:77 120.
tion. Exp Cell Res 264:169-184. Hsieh, C.L., Yang, L., Miao, L., Yeung, F, Kao, C., Yang, 11.,

Ferrer, EA., Miller, L.J., Andrawis, R.I., Kurtzman, S.H., Alberts- Zhau, H.E. and Chung, L.W (2002) A novel targeting modality
en, PC., Laudone, VP and Kreutzer, D.L. (1997) Vascular endo- to enhance adenoviral replication by vitamin D(3) in androgen-
thelial growth factor (VEGF) expression in human prostate can- independent human prostate cancer cells and tumors. Cancer
cer: in situ and in vitro expression of VEGF by human prostate Res 62:3084-3092.
cancer cells. J tirol 157:2329-2333. Humphrey, PA., Zhu, X.. Zarnegar, R., Swanson, PE., Ratliff,

Ferrer, EA., Miller, L.J.. Andrawis, R.I., Kurtzman, S.H., Alberts- T.L., Vollmer, R.T. and Day, M.L. (1995) Hepatocyte growth
en, PC., Laudone, VP. and Kreutzer, D.L. (1998) Angiogenesis factor and its receptor (c-MET) in prostatic carcinoma. Am J
and prostate cancer: in vivo and in vitro expression of angiogen- Pathol 147:386-396.
esis factors by prostate cancer cells. Urology 51:161-167. lwamura, M., Sluss, PM., Casamento, J.B. and Cockett, AT. (1993)

Franks, L.M., Riddle, PN., Carbonell, AW and Gey, G.O. (1970) Insulin-like growth factor I: action and receptor characterization
A comparative study of the ultrastructure and lack of growth in human prostate cancer cell lines. Prostate 22:243-252.
capacity of adult human prostate epithelium mechanically separ- Jackson, M.W., Roberts, J.S., Heckford, SE., Ricciardelli, C.,
ated from its stroma. J Pathol 100:113-119. Stahl, J., Choong, C., Horsfall, D.J. and Tilley, W.D. (2002) A

Frisch, S.M. and Screaton, R.A. (2001) Anoikis mechanisms. Curr potential autocrine role for vascular endothelial growth factor
Opin Cell Biol 13:555-562. in prostate cancer. Cancer Res 62:854- 859.

Fudge, K., Bostwick, D.G. and Stearns, M.E. (1996) Platelet-de- Kaplan, PJ., Mohan, S., Cohen, P, Foster, B.A. and Greenberg,
rived growth factor A and B chains and the alpha and beta re- N.M. (1999) The Insulin-like Growth Factor Axis and Prostate
ceptors in prostatic intraepithelial neoplasia. Prostate 29:282-- Cancer: Lessons from the Transgenic Adenocarcinoma of Mouse
286. Prostate (TRAMP) Model. Cancer Res 59:2203-2209.

Fudge, K., Wang, C.Y. and Stearns, M.E. (1994) Immunohisto- Keller, ET., Zhang, J., Cooper, C.R., Smith, PC., McCauley, L.K.,
chemistry analysis of platelet-derived growth factor A and B Pienta, K.J. and Taichman, R.S. (2001) Prostate carcinoma skel-
chains and platelet-derived growth factor alpha and beta recep- etal metastases: cross-talk between tumor and bone. Cancer
tor expression in benign prostatic hyperplasias and Gleason- Metastasis Rev 20:333-349.
graded human prostate adenocarcinomas. Mod Pathol 7:549- Khachigian, L.M. and Collins, 1 (1998) Early growth response
554. factor 1: a pleiotropic mediator of inducible gene expression. J

Gasche, C., Chang, C.L., Rhees, J., Godl, A. and Boland, C.R. Mol Med 76:613-616.
(2001) Oxidative stress increases frameshift mutations in human Kim, S.J., Uehara, H., Karashima, T., McCarty, M., Shih, N. and
colorectal cancer cells. Cancer Res 61:7444-7448. Fidler, I.J. (2001) Expression of interleukin-8 correlates with

George, D. (2001) Platelet-derived growth factor receptors: a thera- angiogenesis, tumorigenicity, and metastasis of human prostate
peutic target in solid tumors. Semin Oncol 28:27--33. cancer cells implanted orthotopically in nude mice. Neoplasia

Gerstenbluth, R.E., Seftel, A.D., MacLennan, G.T., Rao, R.N., 3:33-42.



519

Kimura, G., Kasuya, J., Giannini, S., Honda, Y., Mohan, S., Ka- Mundy, G.R. (2002) Metastasis: Metastasis to bone: causes, conse-
wachi, M., Akimoto, M. and Fujita-Yamaguchi, Y. (1996) Insu- quences and therapeutic opportunities. Nat Rev Cancer 2:584-
lin-like growth factor (IGF) system components in human pros- 593.
tatic cancer cell-lines: LNCaP, DU 145, and PC-3 cells. Int J Urol Mundy, G.R., Yoneda, T. and Hiraga, T. (2001) Preclinical studies
3:39-46. with zoledronic acid and other bisphosphonates: impact on the

Koeneman, K.S., Yeung, E and Chung, LW. (1999) Osteomimetic bone microenvironment. Semin Oncol 28:35-44.
properties of prostate cancer cells: a hypothesis supporting the Nadal, J.A., Scicli, G.M., Carbini, L.A. and Scicli, A.G. (2002)
predilection of prostate cancer metastasis and growth in the bone Angiotensin II stimulates migration of retinal microvascular
environment. Prostate 39:246-261. pericytes: involvement of TGF-beta and PDGF-BB. Am J Physi-

Kopetz, E.S., Nelson, J.B. and Carducci, M.A. (2002) Endothelin- ol Heart Circ Physiol 282:H739--748.
I as a target for therapeutic intervention in prostate cancer. In- Naishiro, Y., Yamada, T., Takaoka, A.S., Hayashi, R._ Hasegawa,
vest New Drugs 20:173- 182. F, Imai, K. and Hirohashi, S. (2001) Restoration of epithelial

Kramer, G., Steiner, G.E., Handisurya, A., Stix, U., Haitel, A., cell polarity in a colorectal cancer cell line by suppression of
Knerer, B.. Gessl, A., Lee, C. and Marberger, M. (2002) In- beta-catenin/T-cell factor 4-mediated gene transactivation. Can-
creased expression of lymphocyte-derived cytokines in benign cer Res 61:275 [-2758.
hyperplastic prostate tissue, identification of the producing cell Nakashima, J., Tachibana, M., Horiguchi, Y., Oya. M., Ohigashi,
types, and effect of differentially expressed cytokines on stromal T., Asakura, H. and Murai, M. (2000) Serum interleukin 6 as a
cell proliferation. Prostate 52:43 58. prognostic factor in patients with prostate cancer. Clin Cancer

Kurihara, H., Yoshizumi, M., Sugiyama, I., Yamaoki, K., Nagai, Res 6:2702-2706.
R., Takaku, F., Satoh, H., Inui, J., Yanagisawa, M., Masaki, T. Nelson, J.B., Nguycn, S.H., Wu-Wong, J.R., Opgcnorth, T.J., Di-
et al. (1989) The possible role ofendothelin-L in the pathogenesis xon, D.B., Chung, L.W. and Inoue, N. (1999) New bone forma-
of coronary vasospasm. J Cardiovase Pharmacol 13(Suppl. tion in an osteoblastic tumor model is increased by endothelin-
5):S132-S137; discussion S142. I overexpression and decreased by endothelin A receptor block-

Laval, F and Laval, J. (1984) Adaptive response in mammalian cells: ade. Urology 53:1063-1069.
crossreactivity of different pretreatments on cytotoxicity as con- Nemeth, J.A., Harb, J.F, Barroso, U., Jr., He, Z., Grignon, D.J.
trasted to mutagenicity. Proc Natl Acad Sci USA 81:1062-1066. and Cher, M.L. (1999) Severe combined immunodeficient-hu

Le, Brun, G., Aubin, P, Soliman, H., Ropiquet, F, Villette, J.M., model of human prostate cancer metastasis to human bone. Can-
Berthon, P, Creminon, C., Cussenot, 0. and Fiet, J. (1999) Up- cer Res 59:1987- 1993.
regulation of endothelin I and its precursor by IL-Ibeta, TNF- Nemeth, J.A., Yousif, R., Herzog, M., Che, M., Upadhyay, J.,
alpha, and TGF-beta in the PC3 human prostate cancer cell line. Shekarriz, B., Bhagat, S., Mullins, C., Fridman, R. and Cher,
Cytokine 11:157-162. M.L. (2002) Matrix metalloproteinase activity, bone matrix turn-

Lee, MV., Fong, E.M., Singer, FR. and Guenette, R.S. (2001) Bi- over, and tumor cell proliferation in prostate cancer bone meta-
sphosphonate treatment inhibits the growth of prostate cancer stasis. J NatI Cancer Inst 94:17-25.
cells. Cancer Res 61:2602-2608. Nishimura, K., Kitamura, M., Miura, H., Nonomura, N., Takada,

Lin, D.L., Tarnowski, C.P, Zhang, J., Dai, J., Rohn, E.. Patel, S., Takahara, S., Matsumoto, K., Nakamura, T. and Matsumiya,
A.H., Morris, M.D. and Keller, E.T. (2001) Bone metastatic K. (1999) Prostate stromal cell-derived hepatocyte growth factor
LNCaP-derivative C4-2B prostate cancer cell line mineralizes in induces invasion of prostate cancer cell line DU145 through tu-
vitro. Prostate 47:212 221. mor-stromal interaction. Prostate 41:145-153.

Liu, D., Liao, M., Zuo, J., Henner, WD. and Fan, E (2001) The Oda, D., Nguyen, M.P, Royack, G.A. and Tong, D.C. (2001) H202
effect of chemical carcinogenesis on rat glutathione S-transferase oxidative damage in cultured oral epithelial cells: the effect of
PI gene transcriptional regulation. Mol Biol Rep 28:19-25. short-term vitamin C exposure. Anticancer Res 21:2719-2724.

Lopaczynski, W, Hruszkewycz, A.M. and Lieberman, R. (2001) Olumi, A.E, Dazin, P and Tlsty, TD. (1998) A novel coculture
Preprostatectomy: A clinical model to study stromal-epithelial technique demonstrates that normal human prostatic fibroblasts
interactions. Urology 57:194-199. contribute to tumor formation of LNCaP cells by retarding cell

Manabe, 1. and Owens, G.K. (2001) The smooth muscle myosin death. Cancer Res 58:4525-4530.
heavy chain gene exhibits smooth muscle subtype-selective Olumi, A.F., Grossfeld, G.D., Hayward, SW., Carroll, PR,, Tlsty,
modular regulation in vivo. J Biol Chem 276:39076-39087. T.D. and Cunha, G.R. (1999) Carcinoma-associated fibroblasts

Mantzoros, C.S., Tzonou, A., Signorello, L.B., Stampfer, M., direct tumor progression of initiated human prostatic epithel-
Trichopoulos, D. and Adami, H.O. (1997) Insulin-like growth ium. Cancer Res 59:5002-5011
factor I in relation to prostate cancer and benign prostatic hy- Ozen, M., Multani, A.S., Kuniyasu, H., Chung, LW., von Eschen-
perplasia. Br J Cancer 76:1115-I 118. bach, A.C. and Pathak, S. (1997) Specific histologic and cytogen-

Martin, K.H., Slack, J.K., Boerner, S.A., Martin, C.C. and Par- etic evidence for in vivo malignant transformation of murine
sons, JT. (2002) Integrin connections map: to infinity and be- host cells by three human prostate cancer cell lines. Oncol Res
yond. Science 296:1652-1653. 9:433-438.

Matsubara, S., Wada, Y., Gardner, T.A., Egawa, M., Park, M.S., Parr, C and Jiang, W.G. (2001) Expression of hepatocyte growth
1-Isich, CL., Zhau, H.E.. Kao, C., Kamidono, S., Gillenwater, J.Y. factor/scatter factor, its activator, inhibitors and the c-Met recep-
and Chung, L.W (2001) A conditional replication-competent ad- tor in human cancer cells. Int J Oncol 19:857-863.
enoviral vector, Ad-OC-Ela, to cotarget prostate cancer and bone Parsons, J.K., Nelson, C.P, Gage, WR., Nelson, WG., Kensler,
stroma in an experimental model of androgen-independent pros- TW. and De Marzo, A.M. (2001) GSTAI expression in normal,
tate cancer bone metastasis. Cancer Res61:6012-6019. preneoplastic, and neoplastic human prostate tissue. Prostate

Miller, GJ., Runner, M.N. and Chung, L.W. (1985) Tissue interac- 49:30-37.
tions and prostatic growth: II. Morphological and biochemical Pathak, S., Nemeth, MA., Multani, A.S., Thalmann, G.N., von
characterization of adult mouse prostatic hyperplasia induced by Eschenbach, A.C. and Chung, LW. (1997) Can cancer cells
fetal urogenital sinus implants. Prostate 6:241-253. transform normal host cells into malignant cells? Br J Cancer

Moinfar, F, Man, Y.G., Arnould, L., Bratthauer, G.L., Ratschek, 76:1134-1138.
M. and Tavassoli, EA. (2000) Concurrent and independent gen- Pietrzkowski, Z., Mulholland. G., Gomella, L., Jameson, B., Wer-
etic alterations in the stromal and epithelial cells of mammary nicke, D. and Baserga. R. (1993) Inhibition of growth of pros-
carcinoma: implications for tumorigenesis. Cancer Res 60:2562- tatic cancer cell lines by peptide analogues of insulin-like growth
2566. factor 1. Cancer Res 53:1102-1106.



520

Pisters, L.L., Troncoso, P, Zhau, H.E., Li, W, von Eschenbach, solid epithelial tumors. Proc Natl Acad Sci USA 99:2246-2251.
A.C. and Chung, L.W (1995) c-met proto-oncogene expression Taichman, R.S., Cooper, C., Keller, E.T., Pienta, K.J., Taichman,
in benign and malignant human prostate tissues. J Urol 154:293- N.S. and McCauley, L.K. (2002) Use of the stromal cell-derived
298. factor-l/CXCR4 pathway in prostate cancer metastasis to bone.

Porter, J.C. and Hogg, N. (1998) Integrins take partners: cross-talk Cancer Res 62:1832-1837.
between integrins and other membrane receptors. Trends Celt Taipale, J., Saharinen, J. and Keski-Oja, J. (1998) Extracellular ma-
Biol 8:390-396. trix-associated transforming growth factor-beta: role in cancer

Rampino, T., Collesi, C., Gregorini, M., Maggio, M., Soccio, G., cell growth and invasion. Adv Cancer Res 75:87-134.
Guallini, P and Dal Canton, A. (2002) Macrophage-stimulating Tester, A.M., Sharp, J.A., Dhanesuan, N., Waltham, M. and
protein is produced by tubular cells and activates mesangial cells. Thompson, E.W. (2002) Correlation between extent of osteolytic
J Am Soc Nephrol [3:649-657. damage and metastatic burden of human breast cancer mcta-

Reichmann, E. (1994) Oncogenes and epithelia] cell transform- stasis in nude mice: real-time PCR quantitation. Clin Exp Meta-
ation. Semin Cancer Biol 5:157. stasis 19:377-383.

Reiland, J., Furcht, L.T. and McCarthy, J.B. (1999) CXC-chemo- Thalmann, G.N., Anezinis, PE., Chang, S.M., Zhau. H.E., Kim,
kines stimulate invasion and chemotaxis in prostate carcinoma E.E., Hopwood, VL., Pathak, S., von Eschenbach, A.C. and
cells through the CXCR2 receptor. Prostate 41:78-88. Chung, L.W (1994) Androgen-independent cancer progression

Remuzzi, G. and Benigni, A. (1993) Endothelins in the control of and bone metastasis in the LNCaP model of human prostate
cardiovascular and renal function. Lancet 342:589-593. cancer. Cancer Res 54:2577-2581.

Rhee, H.W, Zhau, H.E., Pathak, S., Multani, A.S., Pennanen, S., Thalmann, G.N., Sikes, R.A., Wu, T.T., Degeorges, A., Chang,
Visakorpi, T. and Chung, L.W. (2001) Permanent phenotypic S.M., Ozen, M., Pathak, S. and Chung, L.W. (2000) LNCaP pro-
and genotypic changes of prostate cancer cells cultured in a gression model of human prostate cancer: androgen-indepen-
three-dimensional rotating-wall vessel. In Vitro Cell Dev Biol dence and osseous metastasis. Prostate 44:91 103 Jul 101;
Anim 37:127-140. 144(102).

Ronnov-Jessen, L., Petersen, O.W, Koteliansky, VE. and Bissell, Thompson, T.C. and Chung, L.W. (1984) Extraction of nuclear
M.J. (1995) The origin of the myofibroblasts in breast cancer. androgen receptors by sodium molybdate from normal rat pros-
Recapitulation of tumor environment in culture unravels diver- tates and prostatic tumors. Cancer Res 44:1019 1026.
sity and implicates converted fibroblasts and recruited smooth Thompson, T.C., Timme, T.L., Kadmon, D., Park, S.H., Egawa, S.
muscle cells. J Clin Invest 95:859-873. and Yoshida, K. (1993) Genetic predisposition and mesenchy-

Rowley, D.R. (1998) What might a stromal response mean to pros- mal-epithelial interactions in ras + myc-induced carcinogenesis in
tate cancer progression? Cancer Metastasis Rev 17:411-419. reconstituted mouse prostate. Mol Carcinog 7:165 179.

Sakurai, T., Yanagisawa, M. and Masaki, T. (1992) Molecular Timme, T.L., Truong, L.D., Slawin, K.M., Kadmon, D., Park, S.H.
characterization of endothelin receptors. Trends Pharmacol Sci and Thompson, T.C. (1995) Mesenchymal-epithelial interactions
13:103-108. and transforming growth factor-beta I expression during normal

Schmelz, M., Cress, A.E., Scott, K.M., Burger, E, Cui, H., Sallam, and abnormal prostatic growth. Microsc Res Tech 30:333-341.
K., McDaniel, K.M., Dalkin, B.L. and Nagle, R.B. (2002) Dif- Tlsty, T.D. (2001) Stromal cells can contribute oncogenic signals.
ferent Phenotypes in Human Prostate Cancer: alpha6 or alpha3 Semin Cancer Biol 11:97-104.
Integrin in Cell-extracellular Adhesion Sites. Neoplasia 4:243- Tso, C.L., McBride, WH., Sun, J., Patel, B.,Tsui, K.1I., Paik, S.H.,
254. Gitlitz, B., Caliliw, R., van Ophoven, A., Wu, L., et al. (2000)

Shahan, T.A., Ziaie, Z., Pasco, S., Fawzi, A., Bellon, G., Monbois- Androgen deprivation induces selective outgrowth of aggressive
se, J.C. and Kefalides, N.A. (1999) Identification of CD47/inte- hormone-refractory prostate cancer clones expressing distinct
grin-associated protein and alpha(v)beta3 as two receptors for cellular and molecular properties not present in parental andro-
the alpha3(IV) chain of type IV collagen on tumor cells. Cancer gen-dependent cancer cells. Cancer J 6:220-233.
Res 59:4584-4590. Tu, S.M., Millikan, R.E., Mengistu, B., Delpassand, E.S., Amato,

Shariat, S.F, Andrews, B., Kattan, M.W, Kim, J., Wheeler, T.M. R.J., Pagliaro, L.C., Daliani, D., Papandreou, C.N., Smith, T.L.,
and Slawin, K.M. (2001) Plasma levels of interleukin-6 and its Kim, J., et al. (2001) Bone-targeted therapy for advanced andro-
soluble receptor are associated with prostate cancer progression gen-independent carcinoma of the prostate: a randomised phase
and metastasis. Urology 58:1008-1015. II trial. Lancet 357:336-341.

Shi, Q., Le, X., Wang, B., Xiong, Q., Abbruzzese, J.L. and Xie, K. Tuxhorn, J.A., Ayala, G.E. and Rowley, D.R. (2001) Reactive
(2000) Regulation of interleukin-8 expression by cellular pH in stroma in prostate cancer progression. J Urol 166:2472-2483.
human pancreatic adenocarcinoma cells. J Interferon Cytokine Tuxhorn, J.A., Ayala, G.E., Smith, M.J., Dang, T.D. and Rowley,
Res 20:1023-1028. D.R. (2002) Reactive stroma in human prostate cancer: induction

Singer, C., Rasmussen, A., Smith, H.S., Lippman, M.E., Lynch, of myofibroblast phenotype and extracellular matrix remodeling.
H.T. and Cullen, K.J. (1995) Malignant breast epithelium selects Clin Cancer Res 8:2912-2923.
for insulin-like growth factor II expression in breast stroma: evi- van Leenders, G., van Balken, B., Aalders, T, Hlulsbergen-van de
dence for paracrine function. Cancer Res 55:2448-2454. Kaa, C., Ruiter, D. and Schalken, J. (2002) Intermediate cells

Sitaras, N.M., Sariban, E., Bravo, M., Pantazis, P and Antoniades, in normal and malignant prostate epithelium express c-MET:
H.N. (1988) Constitutive production of platelet-derived growth implications for prostate cancer invasion. Prostate 51:98-107.
factor-like proteins by human prostate carcinoma cell lines. Can- Vlahos, C.J., Kriauciunas, T.D., Gleason, PE., Jones, J.A., Eblc,
cer Res 48:1930-1935. J.N., Salvas, D., Falcone, J.F. and Hirsch, K.S. (1993) Platelet-

Smith, PC., Hobisch, A., Lin, D.L., Culig, Z. and Keller, E.T. derived growth factor induces proliferation of hyperplastic hu-
(2001) Interleukin-6 and prostate cancer progression. Cytokine man prostatic stromal cells. J Cell Biochem 52:404-413.
Growth Factor Rev 12:33-40. Wakefield, L.M. and Roberts, A.B. (2002) TGF-beta signaling:

Sokoloff, M.H. and Chung, L.W. (1998) Targeting angiogenic positive and negative effects on tumorigenesis. Curr Opin Genet
pathways involving tumor-stromal interaction to treat advanced Dev 12:22-29.
human prostate cancer. Cancer Metastasis Rev 17:307-315. Wernert, N., Locherbach, C., Wellmann, A., Behrens, P and Hugel,

Solakoglu, 0., Maierhofer, C., Lahr, G., Breit, E., Scheunemann, A. (2001) Presence of genetic alterations in microdissected
P, Heumos, I., Pichlmeier, U., Schlimok, G., Oberneder, R., stroma of human colon and breast cancers. Anticancer Res
Kollermann, M. W, et al. (2002) Heterogeneous proliferative po- 21:2259-2264.
tential of occult metastatic cells in bone marrow of patients with Wong, Y. C. and Wang, Y.Z. (2000) Growth factors and epithelial-



521

stromal interactions in prostate cancer development. Int Rev Wang, R., Kao, C. and Chung, L.W (2002) Regulation of human
Cytol 199:65-116. osteocalcin promoter in hormone-independent human prostate

Wong, Y.C., Wang, Y.Z. and Tam, N.N. (1998) The prostate gland cancer cells. J Biol Chem 277:2468-2476.
and prostate carcinogenesis. Ital J Anat Embryol 103:237-252. Zhang, J., Dai, J., Qi, Y., Lin, D.L., Smith, P., Strayhorn, C., Mizo-

Wu, H.C., Hsieh, J.T., Gleave, M.E., Brown, N.M., Pathak, S. and kami, A., Fu, Z., Westman, J. and Keller, E.T. (2001) Osteoprot-
Chung, L.W. (1994) Derivation of androgen-independent human egerin inhibits prostate cancer-induced osteoclastogenesis and
LNCaP prostatic cancer cell sublines: role of bone stromal cells. prevents prostate tumor growth in the bone. J Clin Invest
In J Cancer 57:406-412. 107:1235-1244.

Wu, T.T., Sikes, R.A., Cui, Q., Thalmann, G.N., Kao, C., Murphy, Zhau, H.E., Hong, S.J. and Chung, L.W (1994) A fetal rat urogen-
C.E, Yang, H., Zhau, H.E., Balian, G. and Chung, L.W (1998) ital sinus mesenchymal cell line (rUGM): accelerated growth and
Establishing human prostate cancer cell xenografts in bone: in- conferral of androgen-induced growth responsiveness upon a hu-
duction of osteoblastic reaction by prostate-specific antigen-pro- man bladder cancer epithelial cell line in vivo. Int J Cancer
ducing tumors in athymic and SCID/bg mice using LNCaP and 56:706-714.
lineage-derived metastatic sublines. Int J Cancer 77:887-894. Zheng, D.Q., Woodard, A.S., Fornaro, M., Tallini, G. and Langui-

Xu, D., Emoto, N., Giaid, A., Slaughter, C., Kaw, S., deWit, D. no, L.R. (1999) Prostatic carcinoma cell migration via al-
and Yanagisawa, M. (1994) ECE-l: a membrane-bound metallo- pha(v)beta3 integrin is modulated by a focal adhesion kinasc
protease that catalyzes the proteolytic activation of big endothel- pathway. Cancer Res 59:1655-1664.
in-I. Cell 78:473 -485. Zheng, D.Q., Woodard, A.S., Tallini, G. and Languino, L.R. (2000)

Yan, G., Fukabori, Y., McBride, G., Nikolaropolous, S. and Substrate specificity of alpha(v)beta(3) integrin-mediated cell mi-
McKeehan, WL. (1993) Exon switching and activation of gration and phosphatidylinositol 3-kinase/AKT pathway acti-
stromal and embryonic fibroblast growth factor (FGF)-FGF re- vation. J Biol Chem 275:24565-24574.
ceptor genes in prostate epithelial cells accompany stromal inde- Zhu, X. and Humphrey, PA. (2000) Overexpression and regulation
pendence and malignancy. Mol Cell Biol 13:4513-4522. of expression of scatter factor/hepatocyte growth factor in pros-

Yeung, F, Law, WK., Yeh, C.H., Westendorf, J.J., Zhang, Y., tatic carcinoma. Urology 56:1071-1074.



0022-5347/05/1731-0010/0 Vol. 173, 10-20, January 2005
TmE JOur5NA. or UR0o.OGy Printed in U.SA.
Copyright C 2005 by AmEKICAN URoLoOcin, AsSOCIATION DOI: 10.1097/01.ju.0000141582.15218.10

Review Articles

MOLECULAR INSIGHTS INTO PROSTATE CANCER PROGRESSION: THE
MISSING LINK OF TUMOR MICROENVIRONMENT

LELAND W. K. CHUNG,* ADAM BASEMAN, VASILY ASSIKIS AND HAIYEN E. ZHAU

From the Departments of Urology (LWKC, AB, HEZ) and Medical Oncology (VA), Emory University School of Medicine, Atlanta, Georgia

ABSTRACT

Purpose: Tumor cell genotype and phenotype have been considered the only determinants sup-
porting cancer growth and metastasis. This review focuses on the published literature that suggests
that tumor-microenvironment interaction has a decisive role in controlling local cancer growth,
invasion and distant metastasis. As this review shows, genetic alterations in prostate cancer cells
alone are not enough to confer metastatic status without a supporting tumor microenvironment.
Effective therapeutic targeting requires a deeper understanding of the interplay between tumor and
stroma. Approaches co-targeting tumor and stroma already show promise over the conventional
targeting of tumor cells alone in preventing prostate cancer progression and eradicating preexisting
or newly developed prostate cancers in bone and visceral organs.

Materials and Methods: A literature survey using the MEDLINE database was performed in
basic and clinical publications relevant to tumor-host microenvironment interaction. Information
pertinent to the biology and therapy of prostate cancer local growth and distant metastases was
specifically emphasized.

Results: Tumor associated stroma actively fuel the progression of prostate cancer from local-
ized growth to the invasion of surrounding tissues, and the development of distant bone and
visceral organ metastasis. In concert with this progression tumor cells recovered from metastatic
sites could represent a subpopulation of preexisting tumor cells or could be a newly acquired
variant subsequent to tumor-stromal interaction. Experimental data from our laboratory and
others suggest that permanent genetic and phenotypic changes occur in prostate cancer cells
after 3-dimensional co-culture in vitro or when co-inoculated and grown with inductive stromal
cells in vivo. These results support the idea that newly acquired variants are the dominant
mechanism of prostate cancer progression. Intercellular communication between prostate cancer
cells and organ specific stroma, including prostate and marrow stroma, could involve diffusible
soluble and solid matrix molecules as mediators, leading to the development of metastasis. This
presents a new opportunity for therapeutic targeting for the treatment of benign and malignant
growth of the prostate glands. This review summarizes specific research implicating tumor-
microenvironment interaction as the molecular basis of cancer progression, providing a rationale
for targeting tumor and the tumor associated microenvironment in the management of androgen
independent and bone metastatic prostate cancer progression in patients.

Conclusions; Cancer is not a single cell disease. Aberrant cancer cells and their interactive
microenvironment are needed for prostate cancer to progress to androgen independence and
distant metastasis. It is highly plausible that newly evolved prostate cancer cell clones dominate
cancer metastasis after cell-cell and cell-matrix interaction with the host microenvironment,
rather than the selection or expansion of a preexisting prostate cancer cell clone(s). Based on this
premise potential molecular targets in the microenvironment are especially emphasized. Further
elucidation of the molecular mechanisms underlying tumor-stromal interaction may yield im-
proved medical treatments for prostate cancer growth and metastasis.

KEY WoRDs: prostate, prostatic neoplasms, neoplasm metastasis, disease progression, growth substances

Cancer cells reside in an organotypic host microenviron- profile of cancer and metastasis (soil and seed) led to the idea
meat that has long been underemphasized because it is per- that preexisting subpopulations of cancer cells successfully
ceived only as a silent bystander. As originally proposed in complete a rather inefficient process called metastasis.".a
1889 by Paget,' past understandings of the organ specific Strong experimental evidence suggests that primary tumors

Supported by CA-098912, CA-76620, DAMD 17-03-2-0033 and are heterogeneous and subsequently observed metastasis is
DAMD 17-00-1-0526 (LWKC). the result of a nonrandom, sequential, multistep selective

Requests for reprints: Department of Urology, Molecular Urology process among preexisting cell subtypes." Kauffman et a]
and Therapeutics Program, Emory University School of Medicine,
Atlanta, Georgia 30322. reviewed the roles of metastatic suppressor genes, of which
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TUMOR-STROMAL INTERACTION 11

the loss of suppressor genes may prompt the selective growth vival and apoptosis, 2) deprive prostate cancer cells of and ro-
and survival of cancer cells at certain secondary sites.5 gen in cultured medium or grow prostate tumors in surgically
Chambers et al suggested that molecular interaction be- castrated hosts and 3) co-inoculate prostate cancer cells with
tween cancer cells and their metastatic organ site determines relevant organ specific stromal cells or tumor derived extra-

the success of cancer colonization.6 These selective processes cellular matrices. 2°- 2 Of these 3 approaches androgen de-

are generally believed to occur rarely and during the late privation and tumor-stromal interaction seem to mimic best

stages of tumor progression. 3 '5 Hence, this raises the ques- the natural history of prostate cancer progression in patients,

tion of whether molecular profiling of cancer signatures at ie the resulting tumor cells have the ability to undergo an-

the primary prior to cancer metastasis can reliably predict drogen independent and bone metastatic progression. Unfor-

the clinical outcome. 7 '5 A compromise idea was proposed by tunately the interplay between cancer cells and host stroma
Kang et al, who suggested that the expression of certain remains unclear because there is no transgenic animal model
Kage etin primar, wh eastcned that t eed bexpre ognoetain b that specifically harbors a prostate cancer microenvironment
genes in primary breast cancer may indeed be prognostic but defect, leaving us with a knowledge gap in defining the pre-
organ specific tropism can be achieved only after cancer cells cise role of tumor microenvironment in cancer progression
have expressed a concrete set of overt bone metastasis and metastasis. Nevertheless, from the published data we
genes. 9 In this understanding tumor microenvironment is can conclude that the genetic make-up of a cancer cell and its
the missing link that not only provides fertile soil for cancer host interaction shape the tumorigenic and metastatic poten-
growth, but also exerts dominant inductive influences that tial of cancer cells. Since cancer growth and subsequent me-
trigger permanent genetic and phenotypic changes in cancer tastasis in vivo are possible only if experiments are per-
cells, conferring their selective growth and survival advan- formed in living animals, it is an inescapable conclusion that
tages in subsequent dissemination. Thus, the characteristic the host microenvironment must be involved even when ge-
metastatic cell clones to bone could have a loss of expression netically defined cells are tested.
of metastatic suppressor genes, enhanced ability to interact Consistent with the described theme, it has been shown
with primary and secondary organ sites and acquisition of that orthotopic rather than ectopic inoculated prostate tumor
expression of a set of bone metastatic genes after cancer cells cells acquire soft tissue and bone metastatic capability. 2

, 
24

interact with the host microenvironment, at the primary or Permanently altered prostate cancer cell clones (phenotypic

at metastatic sites. and genotypic) isolated after in vivo cellular interaction with

The host microenvironment could participate actively in this bone stromal cells 2 5 or in vitro 3-D cellular interaction

rather inefficient and nonrandom metastatic process, in which with prostate or bone derived stromal cells acquired bone

cancer cell variants evolve after tumor-stromal interaction at and soft tissue metastatic potential.26 '2 7 These results imply

primary or secondary sites of tumor growth. The molecular that an organ specific stroma milieu comprised of different cell

processes associated with this interaction are reviewed in types that secrete different growth factors, extracellular matri-

several contexts. 1) There is a reciprocal cancer cell- ces, metalloproteinases and/or angiogenic molecules must be

niicroenvironnent interaction that facilitates the development responsible for the process driving nontumorigeric or nonmeta-
of osteomimicry and vasculogenic mimicry by cancer cells.'° In static prostate cancer cells to yield tumorigenic and meta-

other words, cancer cells can mimic the gene expression profiles static phenotypes. Direct evidence that factors from host

of cells in their microenvironment. For instance, prostate cancer rather than tumor contribute to angiogenesis and tumor

cells can express bone cell-like (osteomimetic) properties°'" formation was provided by Huang et al, who reported that

and melanoma can express vascular endothelial specific mark- human ovarian cancer growth as peritoneal tumors and as-

ers in vasculogenic mimicry.12 ', 3 2) The ability of cancer cells to cites was lower in transgenic immune compromised nude

undergo morphological transitions, such as epithelial to mesen- mice lacking the MMP-9 gene due to the decreased level of

chymal transition (EMT) and mesenchymal to epithelial trans- extracellular matrix ECM remodeling and angiogenesis ad-

ition, is accompanied by the ability of cancer cells to acquire jacent to the sites of tumor colonization.2" They identified

altered behaviors. Cancer cells observed to undergo EMT, often macrophages as the source of the MMP-9 supporting ovarian

at the invasion front of a tumor, acquire increased motility, tumor growth, angiogenesis and spread. When they resolved

leading to migration and invasion.14-16 3) There are coordi- the MMP-9 deficiency by transferring spleen cells from wild-

nated and stable changes in gene expression profiles noted in type mice as a source of macrophages to MMP-9 deficient

cancer cells grown as 3-dimensional (3-D) organoids with pro- mice, the growth, angiogenesis and colonization of ovarian

liferation and survival intimately linked to the surrounding tumors in the recipient mice were restored.

interface tissue matrix microenvironment.' 7 - 9 Perturbations Results such as these support the exciting concept that

in cancer-matrix interaction have been observed to alter impor- stroma is a potential target for ovarian cancer treatment,29

tant cell functions, such as cell polarity, secretion, migration Table 1 lists a number of well characterized, human prostate

and invasion. Understanding the molecular mechanisms in- cancer, lineage related progression and xenograft models

volved in the evolution of cancer cells, and the reversibility and that could be used to study tumor-host microenvironment
vulnerability of this process could help in the design of future interaction. Among these models are the LNCaP progression

therapeutic agents. This review specifically considers the recent model and the invasive ARCaP model established at our

development of clinical trials targeting the tumor microenviron- laboratory.2 4 '2 These models share important common fea-

ment, such as bone stroma, tumor angiogenesis, paracrine sig- tures. They express 2 lethal phenotypes of human prostate

naling, host immune directed and other co-targeting strategies cancer, androgen independence and bone metastasis, they

for the treatment of prostate cancer and its metastasis. consist of lineage related cell lines evolved from the parental
cell clone with common genetic backgrounds but diverse phe-
notypes and behaviors, cells derived from each model express

EXPERIMENTAL MODELS DEMONSTRATE THAT TUMOR androgen receptor (AR) and secrete prostate specific antigen,
MICROENVIRONMENT SELECTIVELY ENHANCES and they were derived from in vivo tumors grown as 3-D

CANCER PROGRESSION xenografts under the influence of host factors and subjected

There are 3 commonly used methods to enhance the tu- to tumor-stromal interaction. The most remarkable aspect
morigenic and metastatic potential of human prostate cancer of these models is that the prostate cancer cells acquired
cells. They are to 1) transfect stably genetic materials to increased tumorigenic and metastatic potential merely
prostate cells that encode oncogenes, metastasis associated through cellular interaction with the host microenviron-
genes, inactivating tumor suppressors, cell cycle regulators ment under 3-D conditions without requiring the transfer
and downstream mediators regulating cell proliferation, sur- of any exogenous genes to the indolent appearing cancer
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sion, which has been shown to induce apoptosis in prostate a large body of literature describes the possibility of targeting
cancer cells. TGF-ba receptor pathways for altering prostate cancer behav-

Hepatocyte gerowth factor/scatter factor (HGF/SF) and its iors.
receptor, c-met proto-oncogene, were shown to be prevalently Further understanding of the complexities of soluble factor
expressed by localized and metastatic prostate cancer. Ex- mediated stromal-epithelial communication may yield novel
perimental evidence suggests that HGF/SF and c-met down- therapeutic targets for prostate cancer. Manipulating these
stream signaling may regulate prostate cancer growth and pathways in the native environment may prevent the devel-
metastasis through enhanced IL-6, androgen receptor, extra- opment or growth of primary malignancies, while alterations
cellular matrix and integrin interaction. Platelet derived in remote tissues may convert a previously fertile metastatic
growth factor (PDGF) and its receptor PDGFR or c-Kit are site into a hostile environment for tumor cells.
expressed in human prnstate cancer and vascular endothelial Solid ECMp ; and integrin interactions promote cancer cell
cells and their interaction with host osteo'blasts could also proliferation, survival and the ability to adhere, migrate and
have a role in regulating prostate cancer growth and their metastasize. At the invasion front of tumor cell clusters a
colonization in bone. This opens up the opportunity of eval- noticeable derangement of ECM barriers often occurs.'19.30:31
uating imatinib mesylate (ST1571 or Gleevec [Novartis Phar- Interestingly most key enzymes controlling ECM breakdown
maceuticals, East Hanover, New Jersey]), a tyrosine kinase are not derived from tumor cells, but rather from the host
inhibitor, which specifically blocks the cell surface PDGF stroma, such as immune, inflammatory, endothelial and fi-
receptor, PDGFR or c-Kit and its downstream signaling cas- bromuscular stromal cells. It is still unclear whether cancer
cade. ErbB famnily members, including epidermal growth fac- cell invasion develops before or after interacting with host
tor (EGF) receptor (EGFR), erbB2/neu HER2, erbB3 and stroma, nor is it clear whether stroma response is subject to
erbB4, are known to have a role in prostate cancer progres- reciprocal regulation by cancer cells. Since the maintenance
sion through their interactions with a broad spectrum of of epithelial homneostasis requires the participation of
soluble factors and their downstream converging signaling stroma, it is likely that when epithelium changes, the stroma
pathways. A large family of hepaina hound growth factors, inevitably follows.3 2 Cancer cells are likely to evolve contin-
such as basic fibroblast growth factor (bFGF), vascular en- uously under the influence of products from deranged ECM
dothelial growth factor (VEGF), HGF/SF and heparin- barriers, Interactions between the soluble factors, and/or de-
binding EGF-like factor could be targeted either individually graded and released solid tissue matrix proteins and cancer
or collectively through the inactivation of their co-receptor, cells become possible due to the breakdown of tumor stroma
perlecan, a heparan sulfate proteoglycan. Farach-Carson et barriers. RCM and its degradative products could signal can-
al provided experimental evidence by blocking perlecan with cer cells through their cell surface integrin or nonintegrin
sequence specific ribozyme, greatly decreasing the ability of associated receptors and affect cell behaviors, such as cell
prostate cancer to grow in the skeleton (personal communi- polarity, secretion, adhesion, motility and invasion, and in-
cation). The transforming growth factor (TGF)-f3 family and tegrated cell functions, such as proliferation, differentiation
its receptors have a pleiotropic role in prostate cancer. Since and survival. Integrins may have more complex roles by
this growth factor family also affects EMT, angiogenesis, coordinating their actions with metal loprote inases and
extracellular matrix turnover and host immune surveillance, serine proteases, which together may increase cancer cell
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invasion, migration and extravasation into secondary sites of phenotypes can secrete matrix metalloproteinases, become
cancer growth.31'3 2 The preferential use of certain integrin more responsive to the inductive growth factor and cytokine
isotypes, 33 the cross-talk between soluble and solid matrix milieu in the surrounding tumor microenvironment and
factors, cell contact in a 3-D structural scaffold and down- acquire increased malignant potential by augmenting cell
stream signaling pathways in prostate cancer cells during motility, migration and invasion. The figure shows stromal
androgen independent and bone metastatic progression could activation, EMT and its downstream epithelial activation
potentially reveal new therapeutic targets for cancer metas- in response to inductive cues from the cancer microenvi-
tasis therapy. New therapeutic agents in the form of an ronment, possibly mediated by activation of mitogen acti-
antibody or peptide have been developed based on their abil- vated protein kinase/extracellular signal-regulated kinase
ity to interfere with ECM and cell-surface integrin interac- kinase, Src and P13K activity, thus, affecting cancer cell
tions. Others were developed based on their interference with proliferation, survival, motility and invasion.16 '4 1 Target-
downstream converging signaling pathways originating from ing EMT downstream pathways has been shown to reverse
the soluble and solid tissue matrix mediated signaling that the morphological and biochemical features of EMT in
determines cancer cell proliferation, survival and sensitivity cancer cells, restore their differentiation and decrease can-
toward drugs, hormones and/or radiation. cer metastasis.4 2' 43

TRANSDIFFERENTIATION OF PROSTATE CANCER CELLS TO REACTIVATION OF STROMAL FIBROBLASTS TO

INCREASED MALIGNANT POTENTIAL BY EMT MYOFIBROBLASTS DURING CANCER PROGRESSION

EMT is a fundamental process that determines body plane Another morphological and biochemical transition in can-
and polarity during embryonic development, where epithelial cer associated stromal compartments, called reactive stroma,
cells in the ectoderm migrate, undergo mesenchymal transi- develops during disease progression (see figure). This process
tion, invade and insert themselves between ectoderm and is shared by wound healing and tumorigenesis, 32.44 in which
endoderm layers."6 EMT has been documented in breast, stromal fibroblasts are observed to undergo myofibroblastic
bladder and prostate cancers through increased expression of transition morphologically and biochemically. Although the
mesenchymal genes and it is associated with increased cell origin of myofibroblasts remains controversial, it is hetero-
motility, invasion and migration. 3 4- 36 We and others have geneous and they may be recruited from host fibroblasts,
observed increased expression of vimentin and N-cadherin vascular smooth muscle cells and pericytes.312 Tuxhorn et al
but decreased expression of E-cadherin during prostate cancer provided evidence that reactive stroma respond to prostate
progression to invasive phenotypes through HER-2/erbB2/neu cancer epithelium, resulting in increased expression of vi-
oncogenic transformation or through in vivo clonal interac- mentin, smooth muscle a-actin and calponin, characteristic
tions.3• • A number of soluble factors, such as EGF/TGFa, of the myofibroblast phenotype, in the surrounding cancer
TGFP31 and acidic FGF, and solid matrix, such as collagen, associated stroma. 45 De Wever and Mareel comprehensively
have been shown to induce EMT and associated phenotypic reviewed the interplay between cancer and stroma, and pro-
changes.36 '3 -'40 The resulting cancer cells with mesenchymal posed that 2 tightly interactive pathways, called the efferent
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Increasing Malignant Potential

Transition of normal prostate epithelial cells to increased malignant potential through cellular interaction with host stromal cells. There
are potentially 3 pathways by which normal prostate epithelial cell can progress to become cancer cell with uncontrolled growth and
probability to disseminate. 1) Stromal activation to become reactive stroma could be responsible for driving premalignant prostate epithelial
cell to undergo additional phenotypic and genotypic changes, so that it acquires proliferative and survival advantages in primary organ. 2)
Under instruction from secreted soluble and insoluble matrix factors in microenvironment premalignant epithelial cell can undergo EMT by
expressing mesenchymal genes and gaining increased invasion, migration and metastatic potential. Epithelia[ cell often appears in cancer
invasion front, become amoeba-like, loses cell polarity and gains invasive and migratory properties in response to chemical and haptotactic
stimuli from immediate cancer microenvironment. 3) Additional genotypic and phenotypic changes may occur in prostate epithelial cells
through epithelial activation process. In response to continued inductive cancer microenvironment milieu at primary or secondary growth
site reactive epithelium could be lethal clone of prostate cancer cells. Understanding cancer and microenvironment interaction at cellular and
molecular levels could greatly help us in designing rational therapies for treatment of human prostate cancer metastasis.
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and afferent pathways, ultimately determine the nature of pressing phenotypes restricted to specialized cell types, such
the reciprocity between cancer and stroma. 32  as bone or endothelial cells. During cancer progression pros-

In the efferent pathway cancer cells trigger a reactive tate or breast cancer cells can switch their eene expression
stromal response. Cancer cells could induce stromal response profiles by mimicking bonero or endothelial' I cells. This sec-

by the release or deposit of soluble factors, such as TGFI3 and tion reviews the biology and potential implications of osteo-
PDGF, in the cancer associated microenvironment. In re- mimicry and vasculogenic mimicry in cancer growth and
sponse to these factors stromal fibroblasts undergo myofibro- metastasis.
blast transition. This pathway appears necessary and it Several proteins commonly associated with and/or re-
could represent an early event in prostate and breast cancer stricted to bone cells, such as osteocalcin (OC), bone sialopro-
progression. Evidence in support of this suggestion comes tein, osteopontin, osteonectin (ON or SPARC), osteoprote-
from the observation that normal stromal fibroblasts from gerin (OPG), parathyroid hormone-like related protein,
fetal urogenital sinus (ie embryonic prostate fibroblasts4") macrophage colony-stimulating factor, receptor activator of
and mammary gland (isolated from reduction mammoplas- nuclear factor KB and receptor activator of nuclear factor KB
ty47 ), when co-inoculated with their respective prostate or ligand, were also found to be expressed by prostate cancer
breast tumor cells in vivo, inhibited their growth. In contrast, cells.","` " Moreover, a bone homing metastatic human
spontaneously immortalized prostate stromal cells 20 or can- prostate cancer cell line of LNCaP lineage, C4-2B, was found
cer associated (but not benign associated) stromal cells4 8  to calcify in vitro under mineralizing conditions."5 The acqui-
co-inoculated with prostate cancer cells in vivo induced their sition of new gene expression profiles by prostate cancer cells
growth, suggesting possible roles of stromal cells after acti- that mimic bone is called osteomimicry.'° Apparently this
vation or transdifferentiation. In these cases normal stromal interaction is reciprocal. The gene expression profiles of nor-
cells inhibited cancer growth through the induction of cancer mal cells surrounding the cancer epithelium at the primary
cell differentiation, whereas transdifferentiated or altered (eg reactive stroma) and the metastatic bone sites were also
stromal cells (reactive stroma) promoted tumor growth and found to undergo morphological and biochemical chang-
accelerated androgen independent and bone metastatic pro- es.. 6'. 7 Using the human osteosarcoma cell line MG-63 as a
gression. The growth stimulatory mode ofstromal cells could model we observed permanent genetic, morphological and
result from the conversion or transdifferentiation of stromal gene expression changes in MG-63 cells after exposure in
fibroblasts to a reactive stromal population via the proposed vitro to anr LNCaP lineage, androgen independent human
efferent pathway. prostate cancer cell line, C4-2, in co-culture under 3-D con-

Somewhat unclear in these models is whether the stromal ditions. 26'5' These observations show the plasticity of cancer
reaction in response to tumor epithelial induction involves cells and their surrounding stroma, and the potential recip-
permanent genotypic changes. Intriguing experimental evi- rocal inductive influences between them. More information is
dence indicates that permanent genetic changes occurred in needed to determine the true inductive potential and plastic-
tumor associated stroma harvested from breast cancer spec- ity of normal epithelium and stroma when exposed to cancer
imens by laser captured microdissection.4 9 Mouse stromal cells and the possible effect of aging and contribution by
cells outgrown from human prostate xenografts were re- circulating stem cells to this cellular interaction process since
ported to have consistent and identical chromosomal aberra- prostate cancer is known to develop more frequently in the
tions.5" Taken together these results strongly support the aging population and circulating stem cells have been found
possibility that interaction with cancer cells can cause per- to reside in and have key roles affecting the growth and
manent genetic changes in cancer associated stromal cells, differentiation of many adult organs, including bone and
This suggestion is supported experimentally by our co- liver. Further understanding of epithelial-stromal interac-
culture study, in which growing C4-2, an androgen indepen- tion in the context of cancer development and progression
dent but not parental androgen dependent human prostate would improve our capability to design therapies targeting
cancer LNCaP cell line together with the human MG-63 the tumor and tumor microenvironment interphase.
osteosarcoma cell line under 3-D conditions produced consis- To understand the molecular basis of osteomimicry groups
tent and stable chromosomal changes and phenotypic gene at our laboratory focused on investigating the mechanism of
expression, as described." osteocalcin promoter switching during human prostate can-

The afferent pathway describes the cancer cell response to cer progression. These studies revealed that activation of
altered stromal cells in the cancer microenvironment. Sev- transcription factors, Runx2, JunD/Fra-2 and Spl, could
eral key effects of myofibroblasts or reactive stroma on can- have a role.5 ' It has been shown that a number of intracel-
cer cell behaviors have been suggested. Reactive stromal cells lular signaling pathways, including cyclic adenosine mono-
can exert a pro-invasive signal, increasing the motility and phosphate responsive G protein coupling and vitamin D re-
invasion, and decreasing the apoptosis of cancer cells. They ceptor mediated pathways, could be involved in the
can mediate cancer pain through the release of cytokines or activation of OC promoter activity., 5 '"59 By exposing target
neuroendocrine factors. They can guide cancer cell perineu- cells to soluble growth factors, such as bFGF, parathyroid
ral invasion and dissemination through the release of soluble hormone and the rich bone matrix protein collagen 1, OC
and solid matrix factors. 32 A:ll of these cancer phenotypes promoter activation was observed. Since these soluble and
have been observed in human prostate cancer, underscoring matrix protein factors are deposited by cancer and their
the importance of this pathway in human prostate cancer associated prostate or bone stromal cells in the microenvi-
progression. Exploring the intimate interactions between tu- ronment, we suggest that the activation of intracellular sig-
mor and stroma, and the dynamic transition of stromal cells naling pathways and a coordinated switch of transcription
during cancer progression could lead to more accurate tar- factors may occur during prostate cancer progression and
geting of this molecular process and new treatment protocols serve as a likely molecular basis of osteomimicry in prostate
for prostate cancer metastasis, cancer cells. The expression of bone-like proteins could confer

certain advantages to prostate cancer cells. 1) Prostate can-
cer cells could behave like osteoblasts by participating di-

THE SWITCH OF OSTEOMIMICRY AND VASCULOGENIC rectly in osteoclastogenesis, where increased bone turnover is
MIMICRY UPON METASTATIC PROGRESSION observed.' 0 This increased local bone turnover following

Many features of cancer growth, development and dissem- prostate cancer bone colonization creates new sites to facili-
ination are known to recapitulate embryogenesis. This is not tate the further growth and metastasis of prostate cancer
surprising since cancer cells are pluripotent and have stem cells. 2) Expression of OC and bone sialoprotein by prostate
cell-like properties capable of differentiating into and ex- cancer cells could enhance bone mineralization. These bone
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matrix proteins are capable of binding with high affinity to THREE-D TISSUE ORGANIZATION REGULATES THE POLARITY.
the mineral component of the bone, hydroxyapatite, and par- SECRETION, GENE EXPRESSION AND BEHAVIOR OF
ticipate in the recruitment of osteoclasts and osteoblasts,
which affect bone resorption and deposition, respectively. 3) Cancer in situ does not grow as a 2-D adherent cell array, but
Osteomimicry may be required for prostate and breast cancer rather as a 3-D, closely packed organoid in close interaction
growth and survival in bone. Studies of prostate, breast and with its microenvironment. A number of 3-D experimental mod-
several other cancer types6" indicated the ability of bone els have been developed to assess how cell microenvironment
matrix proteins to confer increased cancer cell growth, adhe- regulates cell polarity, genetics and behavior. 7` ' 9,65-6

7 Malig-

sion, migration and invasion."4 '61 6'2 The engagement of in- nant breast cancer cells cultured on plastic yield the same
tegrins avP33 and avP35 by the bone matrix protein SPARC phenotype and growth rate as nonmalignant breast epithelium.
resulted in enhanced VEGF production by prostate cancer However, when placed in a 3-D reconstituted extracellular ma-
cells.63 De et al proposed that VEGF and VEGF receptor-2 trix scaffold, malignant breast epithelial cells form an amor-
interaction through an autocrine loop stimulated prostate phous structure with unregulated proliferation, due in part to
cancer cell growth and integrin activation further to increase the aberrant expression of integrins and EGFR, and loss of the
prostate cancer cell adhesion and migration toward bone. 63  ability to sense contextual cues firom the surrounding microen-
Experimental tumor models inoculating an osteoblastic hu- vironment. In comparison, nonmalignant breast epithelial cells
man prostate cancer cell line, C4-2B, 55 or an osteoblastic undergo growth arrest, form a polarized alveolar structure and
human breast cancer cell line, ZR-75-1, 64 in immune com- secrete milk.6"'s
promised mice revealed that targeting the interphase be- A 3-D assembly of cells can be conveniently constructed by
tween cancer cells and bone using osteoprotegerin or an growing prostate cancer and prostate or bone stromal cells
endothelin A receptor antagonist, Astrasentan (Abbott Lab- under zero gravity simulated conditions.276 7 Using this
oratories, Abbott Park, Illinois), resulted in selective tumor model system, our laboratory have shown the reciprocal in-
shrinkage and decreased osteoblastic reaction in bone, re- teraction between prostate cancer and bone stromal cells,
spectively, but did not affect tumor growth at other ectopic whereby permanent and stable phenotypic and genotypic
and orthotopic sites. These results suggest that cross-talk changes occur in prostate epithelial and bone stromal cells
between cancer and bone specifically used the osteomimetic after cellular interaction under zero gravity simulated con-
properties of prostate and breast cancer cells, and such com- ditions.27 For example, the nontumorigenic human prostate
munication is different from cancer interaction with its pri- cancer cell line, LNCaP, can be promoted to undergo andro-
mary organ sites (eg prostate and breast stromal environ- gen independent progression and express a highly malignant
ments). If so, then it is not surprising that a bone directed potential, including the ability to invade locally and metas-
targeting strategy would be highly selective and effective tasize to the skeleton, only after cellular interaction with
against only bone metastasis and such a strategy would be prostate or bone stromal cells, or an extracellular matrix
ineffective against the growth of prostate cancer at the pri- scaffold under 3-D growth conditions. This is remarkable
mary organ site or metastases to other visceral organs, as considering that none of these changes were observed when
described. To improve further the therapeutic targeting of co-culturing these cells under 2-D conditions. These findings
prostate cancer local growth and distant metastasis a more recapitulate our previous observations in vivo, when we ob-
comprehensive definition of organ specific stromal microen- served permanent phenotypic and genotypic changes in pros-
vironments in the primary and visceral organs is urgently tate cancer epithelial cells, including androgen independence
needed. and bone metastasis, when co-inoculated and grown together

Vasculogenic mimicry describes the plasticity by which mel- with bone stromal cells as 3-D chimeric tumors. '2569

anoma cells, when placed under ischemic conditions, form their In addition to the breast and prostate cancer models de-
own blood supply channels connecting with previously existing scribed, developing kidney, cartilage, heart, pancreas and ovary
vasculature, express endothelial associated markers (vascular under 3-D conditions recapitulates the normal patterns of dif-
endothelial cadherin, CD34 and endothelial cell specific mole- ferentiation of these organs, suggesting again the parallelism
cule) and form an ECM rich vasculogenic network in 3-D cul- between organ development and carcinogenesis. The 2 models
ture."2 These properties were first described by Hendrix et al require committed cellular interaction under 3-D conditions.
using a melanoma model." 2 It appears that vasculogenic mim- Although the precise mechanism of cellular interaction between
icry occurs in several other cancer types, including prostate cancer cells and soluble factor(s)/ECMs in the microenviron-
cancer. The molecular mechanisms underlying vasculogenic ment remains speculative, most likely the underlying molecular
mimicry by melanoma cells were investigated using microarray basis controlling the progression of cancer resides in certain
analyses and inhibitor studies. The results of these studies coordinated changes ofgene transcription that occur in a highly
showed that tyrosine kinase EPHA2, vascular endothelial cad- temporal and spatially regulated manner in response to induc-
herin, focal adhesion kinase and PI3K are involved as inte- tive cues from the host microenvironment."9 "6 In a recent re-
grated signaling pathways controlling vasculogenic mimicry."' view Ingber summarized the principle of mechanochemical
Since ischemia facilitates vasculogenic mimicry, it is likely that transduction of signals to control normal and malignant tissue
hypoxia, a condition commonly associated with tumor progres- differentiation, in which mechanical stretch of cells can trigger
sion, may promote this morphological and functional transition a host of coordinated chemical signals that could control cell
of cancer epithelial cells. growth, the expansion of basement membranes, and the orderly

Anti-angiogenic therapy for cancer has not been highly progression of morphogenesis and cytodifferentiation of normal
effective despite the well appreciated fact that tumor angio- developing tissues.' 9 In carcinogenesis deregulated epithelial-
genesis is a prerequisite for tumor growth. The origin of the mesenchymal interaction could cause accelerated turnover of
endotbelial network formed around tumor cells and its rela- basement membrane proteins and the release of mechanical
tive sensitivity to anti-angiogenic therapy is an important constraints on cancer epithelium, so that a deregulated growth,
therapeutic concern, Realizing that one of the potential con- migration and differentiation program can ensue.
tributing cell types for tumor angiogenesis is the tumor itself
plus other cells not of obvious endothelial lineage may pro- PROSTATE CANCER SKELETAL METASTASIS: TARGETING
vide a clue to the development of anti-angiogenic drugs tar- TUMOR AS WELL AS ITS MICROENVIRONMENT

geting the heterogeneous origin of the endothelial network in Men with advanced prostate cancer experience debilitating
the tumor microenvironnmnt. Vasculogenic mimicry in can- bone metastatic disease for which there is no curative ther-
cer must be further explored, so that more effective anti- apy. To develop a sound approach tackling prostate cancer
angiogenic therapies can be developed, bone metastasis many laboratories have begun to evaluate
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the biology and molecular basis of prostate cancer bone me- terstitial pressure, which in turn led to increased uptake of
tastasis. Using human prostate cancer cell lines and xeno- paclitaxel and enhanced tumor cell kill.
graft models we can conclude that 1) bone metastasis is Bisphosphonates are a class of drugs that target oste-
conferred by specific cellular interaction between cancer and oclasts and have been used with great success in disease
host bone cells, in which the growth and differentiation of states associated with increased osteolytic activity (osteopo-
prostate cancer and bone stromal cells can be reciprocally rosis and multiple myeloma). It is now appreciated that in-
regulated, 2 6

,
5 7

,
70 and certain chemoattractants produced by creased osteolysis is present in metastatic prostate cancer,

bone cells to recruit and retain prostate cancer cells in and so the osteoclast may be a prime target. Preclinical data
bone, 71 2) metastatic prostate cancer cells can express bone- with the third generation bisphopshonate zolendronic acid
like proteins (osteomimicry), participate in osteoclastogen- (Zometa, Novartis Pharmaceuticals) appear promising in
esis and proliferate, invade and survive in the bone microen- that regard. Currently clinical interest in bisphosphonates
vironmentj 3) prostate cancer progression to androgen has focused primarily on the prevention/delay of skeletal
independence and bone metastasis is accelerated by andro- related events (fractures, need for therapeutic intervention
gen withdrawal and 4) targeting bone and the interphase and cord compression) and control of bone pain. A phase III
between prostate cancer and bone has yielded improved sur- trial of zoledronic acid in patients with metastatic hormone
vival in mice with prostate cancer xenografts" and patients refractory prostate cancer showed that the drug decreased
with prostate cancer.7 2 Table 3 lists clinical experience with the absolute risk of skeletal related events by 11% at a
various therapeutic strategies co-targeting cancer and its median followup of 24 months. This led to Food and Drug
microenvironment with references. Administration approval for that particular indication. Of

EGFR emerged as an initial critical target. In an effort to note, panLidronate has failed to provide equivalent results,
repeat the success seen in other tumor types with gefitinib, a Atrasentan is a small molecule that blocks the receptor
small molecule that inhibits the kinase activity of EGFR, a that mediates the effects of endothelin-1. Endothelin-1 is a
phase II trial assessed the efficacy of single agent gefitinib in potent mitogen for osteoblasts and it modulates nociception,
patients with advanced hormone refractory prostate cancer thus, providing a target for the cancer-osteoblast interphase
(HRPC) but failed to show a significant response rate. The and control of bone pain. A prospective randomized, placebo
success of trial design was affected by patient selection and it controlled, phase II trial investigated the efficacy of atrasen-
could be improved by obtaining additional data on the status tan at 2 doses (2.5 and 10 mg orally daily) for delaying time
of EGFR mutations since it has been reported that tumors to progression (TTP) and providing adequate analgesia in
containing mutated EGFR are more sensitive to growth in- patients with metastatic HRPC. Atrasentan at 10 mg vs
hibition by gefitinib. placebo was found to prolong median TTP (183 vs 137,

PDGFR has emerged as a dual target for epithelia] cancer p = 0.13) with a similar result for the 2.5 mg dose. Analysis
cells and bone stroma. PDGF and PDGFR are co-expressed in of the data by actual treatment received (244 of 288 patients)
prostate cancer and the neovasculature at metastatic sites. showed a statistically significant difference in median TTP
The binding of the ligand (PDGF) to its receptor (PDGFR) (196 vs 129 days, p = 0.021) in favor of atrasentan. Median
results in apoptosis inhibition but it also accounts for the time to prostate specific antigen progression was twice as
osteotropism of prostate cancer.' 0  Imatinib mesylate long in the 10 mg atrasentan group than in the placebo group
(Gleevec) is a small molecule that binds to an adenosine (155 vs 71 days, p = 0.002). Quality of life measurements
triphosphate binding site of PDGFR kinase and blocks this were not significantly improved in the treated arms. A phase
particular signaling pathway. A phase I trial of imatinib plus III trial of atrasentan has completed data accrual and results
docetaxel showed no single agent activity of imatinib but are awaited.
potential synergy for the combination. This concept is cur- The idea of bone and tumor co-targeted therapy has been
rently being addressed in a phase II randomized placebo tested. A gene therapy trial focused on the recombinant,
controlled trial. Of note, preclinical data suggest that replication defective adenovirus Ad-OC-TK (OC promoter-
PDGFR-b kinase is a major mediator for increased tumor driven-herpes simplex virus-thymidine kinase co-expressed
interstitial pressure, which hinders the adequate delivery in both tumor and stromal cells) resulted in effective tumor
of cytotoxics to the targeted epithelial component. Ima- lysis in preclinical models and in patients in a phase I trial.
tinib given with paclitaxel effectively decreased tumor in- A phase II trial was done in patients with hormone refractory
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Cotargeting tumor and tumor endothelium effectively inhibits
the growth of human prostate cancer in adenovirus-mediated
antiangiogenesis and oncolysis combination therapy
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Tumor-enclothelial interaction contributes to local prostate tumor growth and distant metastasis. In this communication, we
designed a novel approach to target both cancer tells and their "crosstalk" with surrounding micoovascular endothelium in an

experimental hormone refractory human prostate cancer model. We evaluated the in vitro and in vivo synergistic and/or additive

effects of a combination of conditional oncolytic adenovirus plus an adenoviral-mnediated antiangiogenic therapy. In the in vitro

study, we demonstrated that human umbilical vein endothelial cells (HUVEC) and human C4-2 androgen-independent (AI) prostate

cancer cells, when infected with an antiangiogenic adenoviral (Ad)-Flkl-Fc vector secreting a soluble form of Flkl, showed
dramatically inhibited proliferation, migration and tubular formation of HUVEC endothelial cells. C4-2 cells showed maximal

growth inhibition when coinfected with Ad-FIkI -Fc and Ad-hOC-El, a conditional replication-competent Ad vector with viral

replication driven by a human osteocalcin (hOCI promoter targeting both prostate cancer epithelial and stromal cells. Using a three-
dimensional OD) coculture model, we found that targeting C4-2 cells with Ad-hOC-El markedly decreased tubular formation in

HUVEC, as visualized by confocal microscopy. In a subcutaneous C4-2 tumor xenograft model, tumor volume was decreased by

40-60% in animals treated with Ad-FIkil-Fc or Ad-hOC-EI plus vitamin D, alone and by 90% in a combined treatment group,

compared to untreated animals in an 8-week treatment period. Moreover, three of 10 (30%) pre-established tumors completely

regressed when animals received combination therapy. Cotargeting tumor and tumor enclothelium could be a promising gene

therapy strategy for the treatment of both localized and metastatic human prostate cancer.
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H ormone-refractory prostate cancer is one of the targeting tumor epithelium can best control umnor
leading causes of cancer mortality and morbidity in growth. These forms of therapy are highly effective but

North American men.' Despite aggressive efforts toward unfortunately not longlasting. Patients eventually develop
earlier detection and treatment, the mortality resulting hormone-refractory disease resistant to conventional
from distant metastasis of prostate cancer remains high. therapeutic interventions. New therapeutic approaches
The most common site of prostate cancer metastasis is to hormone-refractory prostate cancer are urgently
bone, with skeletal metastases identified at the time of needed.
autopsy up to 90% in patients dying from prostate The growth and metastasis of prostate cancer cells are
cancer.-" While localized prostate cancer may be cured, intimately affected by their microenvirnment. Well-
patients with advanced hormone refractory and bone established autocrine. paracrine and endocrine comm u-
metastatic cancer have aF poor prognosis and a median nication loops exist between cancer cells and their
survival time of4 months. '4 Conventional therapies such adjacent cellular components," including (I) smooth
as hormone therapy, radiation therapy and chemotherapy muscle cells and Fibroblasts, which provide critical soluble
assume that cancer is a clonal cell disease and that growth factors and extracellular matrices (ECMs) that

support tumor growth, survival and differentiation: (2)

Recei/ed Juhr 14. 2004. eodothelial cells, which Form critical blood vessels. supply
h *~r . roxygen and nutrients to the tumLor epitheIiunm, and
f/nI//It/le /1//VOo c l mi ef//i// mi te to///.Y Dr Cl/io-Li//f

-,,.ich, PMD. Deparotent ol ,rolog., Molaeculr U o/nnC. I/t/ remove metabolic wastes from the tumor celIls (3)
7hc/'rcutic Program, Emori- Un/ershity Schoo/l/ Mcfdui/c, 1365B inflammatory cells, which could support important

('ilton Road, N.F. Suite B4100. Atlanta, GA 30322. USA. cytokines to defend against bacterial infection of the
E-mail. 1/ 0/1/! /n,2 oy. edui tumor epithelium and also potentially maintain the
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258 growth requirements of tumor cells. Using an experi- Materials and methods
mental coculture cell model and chimeric tumor Cell lines and cultures
model7 comprised of human prostate cancer and
bone stromal cells to mimic a functional prostate C4-2. an Al metastatic humian prostate cancer cell line

organoid, our laboratory designed a strategy cotargeting derived from LNCaP.24  was grown in T medium
both tumor and its supporting stroma. Recent studies (Invitrogen, CA) with 5% fetal bovine serum (FBS).
with bone and directed targeting of hormone refractory HUVEC, a human umbilical vein endothelial cell line, was
prostate cancer using a combination of chemotherapy obtained from Cambrex Bio Science (C'ambrex, CA) and
(which targets prostate tumor epithelium) plus strontium maintained in endothelium-specific medium (EGM-2,
89 (which targets bone), and in an experimental model of Camibrex) according to the manufacturer's instructions.

prostate cancer skeletal metastasis using a cotargeting The cells were fed three times per week with fresh growth
strategy with conditional replication-competent adenovir- medium and maintained at 37 C in 5% CO.
al vector in which viral replication in both tumor and A three-dimensional (3D) coculture sVstCm was estab-
stromal cells was controlled by a tissue-specific and tumor lished to assess the effect of' prostate cancer cells oni
restrictive promoter, osteocalcin (OC), has shown great endothelial tubular formation. A GFP-taggcd C4-2 cell
promise, substantially improving patient survivals and line (C4-2-GFP) was generated by infection of ('4-2 with a
curing animals with pre-existing prostate tumor in the recombinant retroviruses containing enhanced green
skeleton." These findings suggest that a cotargeting fluorescence gene (PGFP) driven by a rctroviral long
strategy could ultimately improve the treatment of terminal repeat (LTR) promoter. C4-2-G FP clones were
hormone-refractory human prostate cancer and bone obtained after selection of the transduced C4-2 cells b\
ue tastasis. G4 18 (0.8 mg/mil). HUVEC cells were labeled with a red-

Extensive studies by many investigators have esta- fluorescent lipid dye, 1,1 '-dioctaccecyl-3.3.3',3'-tetra-
blished the central role of tumor-associated angiogenesis mnethylindocarbocyanine perchlorate (DiI), according to

its the invasion, growth and metastasis of solid tumiors. 9  the manufacturer's instructions (Molecular Probes, OR).
Tumor-associated angiogenesis can be effectively targeted DiI-labeled HUVEC cells (5 x 10'4 cells well) were plated
as an anticancer therapeutic strategy." t'2 Tumor cell on chamber slides. which were precoatcd with Matricel
behaviors can be greatly influenced by the balance (Becton-Dickinson, NJ). The Matrigel used in this
of surrounding angiogenic stimulators and inhibitors"S experiment was diluted I:I in F-mediumn. Cells were
through paracrine-mediated regulation. Thus, antiangio- allowed to settle for I hour and then the rnedium was

genic therapy can be used to try to stop new vessels carefully aspirated and replaced with 50pl of Matrigcl.
from forming around a tumor and break up the existing After polymerization (about 40 minutes), an overlay
network of abnormal capillaries feeding the cancerous Matrigel containing 5x 10" C4-2iGFP cells preinfected
mass. 14 One such approach could be to target with Ad-hOC-El or Ad-CMV-pA was added. Cell
the upregulated surface receptors on tumor endothelial cultures were grown in EGM-2 plus T-medium with a
cells.'> Among these receptors. the vascular endothelial ratio of 1:1 for 3 days.
growth factor receptor 2 (VEGFR2, also known as
FlkI) that binds the five isoforms of VEGF has a Adenoviral vectors
more restricted expression on endothelial cells and is Ad-FlkI-Fc, n andenoviral (Ad) vector containing mariell
upregulated in the tumor vasculature once these cellsL_. , Fikl-Fc signal peptide followed by [lie cctodorralin of
proliferate during neoangiogenesis. 6 Flkl has been the marine Flkl fused to the Fe fragment of rine lgG2a,
subject of numerous studies in both animal models and and Ad-Fc carrying only the Fc fragment2  were
in clinical trials.17 19 Unfortunately, the clinical efficacy constricted by Dr Calvin Kuo at Stanford University
of" sigle-agent antiangiogenic therapy has been (Stanford, CA). Replication-competent Ad-hOC-El and
disappointing, its replication-defective control Ad-CMV-pA were con-

To advance the cotargeting of both tumor and structed by our laboratory as describcd previously.22 All ,.
tumor microenvironment, we evaluated the responsive- of the Ad vectors were amplihied and purified according
ncss of prostate cancer to conditional replication-compe- to the method of Graham and Precvc.- Viral titer was
tent and VEGF receptor-based antiangiogenic therapy determined by platique assay.

targeting three cell components: prostate tuimor
cells, prostate and bone stromal cells, and neovascular
endothelial cells, in both cell culture and an experi- Preparation of conditioned medium
mental animal model. Our data demonstrated that I x 1(06 C4-2 and HUVEC cells were seeded in 60-nmm
adenovirus-meditated Flkl-Fc fusion protein delivery culture dishes overnight and then subjected to infection
effectively suppress angiogenesis and tumor growth with PBS (mock injection), or I)0 MOI of Ad-FIkl-Fc or
throuigh a blockage of autocrine and/or paracrine Ad-Fc. After 2 hours absorption. the viruses were
mechanisms. Targeting prostate cancer cells with corn- removed and cells were cultured in fresh medium. After
bined conditional oncolytic adenoviruses and antiangio- 48 hours culture, the conditioned inedia (CM) of HUVEC
genie adenovirrises successfully achieved synergistic and C4-2 cells were harvested and concentrated by
antitunmor effects in huiman prostate cancer models. as ultraifiltration with a Centricon YA10 (Millipore, MA).
described below. The amount Of protein in CM was deteriniied by BCA
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Protein Assay kit (Pierce, 1L) and then stored at -80-C medium1 containing C4-2 CM was added. Photographs
until use. were taken under phase-contrast microscopy it 0. 12 and

24 hours after scraping. The position of the wound edge
Western blot was noted against a reference grid and the migrating

distance was measured using Openlab 3.0.8 software
A measure of 20use of protein from Cl M or 2,pl of mouse (Improvision, MA). Data were presented as the means ofplasma was used for immunoblotting by the NOVEX 10 measurements at each time point.

(Invitrogcn, CA) system. Membrane was probed with a

1:5000 dilution of horseradish peroxidase-conjugated goat Animal studies
anti-murine lgG2a Fc antibody (Southern Biotech, AL).
Immunoreactive bands were revealed by the enhanced Male athymic mice (5 to 8-week old) (CDI naitu) were

chemiluminescent (ECL) plus system (Amersham, NJ) purchased from Charles River (Wilmington, MA). The
according to the manufacturer's instructions and quanti- animals were kept under standard pathogen-free condi-
fled using Quantity one-4. 1.1 Del Doc gel documentation tions and received care according to the criteria outlined
software (Bio-Rad, CA). in the National Academy of Sciences Guide 10r the Cart,

(n/( Use ol Lahuhrorrt Animuals. All animal experiments

Cell proliferation and cytotoxicity assay were approved by and complied with the regulations of
The HUVEC cell proliferation assay was performed using EEmory University School of Medicine.

Xenografts were established by subcutaneously inject-
the MTT method, Briefly, 4000 HUVEC cells were seeded ing 2 x 106 C4-2 cells in 100nI Marrigel into the Flanks of
overnight on 96-well plates with EGM-2 medium contain- ic Tm -bearin mice were inate as sal
ML, 10n-/ml VEGF. Cells were subjected to infection with mice. Turnor-bearing mice were designated as small.

i .0 nmedium and large tumor groups based on their estab-
either Ad-FIkI-Fc or Ad-Fc at an MOI of 10. or lished tumor volume of -50, -200 and - 500tmm.
incubation with 10/ig of protein obtained from a respectively. In each group, the mice were randomized
concentrated CM of Ad-infected C4-2 cells for a period and given PBS (vehicle control). 2 x 10 9 PFU of Ad-FlkI-
of 3 days followed by MITT assay. For the in vitro Fc (intratumoral injection, twice per week for 2 weeks), or
cytotoxicity assay, 5 x 10 C4-2 cells were seeded over- 2 x 10 9 PFU of Ad-hOC-EI (intravenous injection for
night on a 24-well plate and then infected with 10 MOI of single dose) alone or together. Mice receiving Ad-hOC-El.\d-Flkl-F-c or Ad-Fe, and 2 MOI of Ad-hOC-El or Ad- snl oe ln rtgte.Mc eevn dhCE
A V-FlpA alone or c binai After 2 hours absor - were treated by intraperitoneal (i.p.) administration of
CMioV-pA t ln or combing maeion- wAs 2 woth fres 1001d vitamin Dý (4 ng/dose) every other day for 3 weeks.
tion, the virus-containing medium was replaced with fresh Vitamin Di-treated mice were fed a sterilized calcium-
-rowth mnediumn for an additional 3 days of culture. The deficient diet (ICN Research Diets) as described pre-relative cell number was assessed by optical density (OD) viously.I2 Tumor volume measurements were taken
at 590nm after crystal violet staining, weekly and calculated according to the formula:

Tubular formation assay length x width2 x 0.5236. Data are expressed as fold of
the end point tumor volume in treatment groups relative

Tubular formation on Matrigel was assayed as described to that in the vehicle control group. Blood samples were
previously2 4 with a minor modification. Briefly, the 24- also obtained from Ad-FlkI-Fc-treated mice in the small
well plates were coated with 200111dMatrigel. HUVEC was turnor group every other week by saphenotis vein
trypsinized, washed and resuspended in EGM-2 medium puncture with heparinized capillary tubes after anesthesia.
in the presence or absence of CM (10pg/ml) from Ad- All animals were killed 8 weeks after treatment. Tumors
infected C4-2 cells. Cells (25,000 cells/100 p/) were were excised and then either embedded in OTC or fixed
dispensed into each well and incubated for 8 hours. Each with 10% fornialin for histomorphologic and immuno-
well was photographed under phase-contrast microscopy histochemical analyses.
at x 40 maginification. The tubular formation was
quantified by counting the number of connecting Immunohistochemistry
braiiches between discrete endothelial cells. For microvessel density analysis, snap-frozeii tissues

Tubular structures generated in 3D coculture were sectioned into 4-tim specimens were fixed in cold acetone
grown on chamber slides as described above and analyzed for 10 minutes. blocked with StperBlock (Scytex Labora-
by LSM 510 META laser scanning confocal microscopy tories, UT) for 20 miiutes, followed by incubatioi with a
(Carl Zeiss, NY). Images of serial optical sections were moniial r anti-mous e C y instmou ei-

takeni at I pm thickness in a basal-to-apical direction monoclonal rat anti-mouse CD31 against ClAouse roi-
U~iI11 Ix 1 NeoIL10- ojectve.dothelium ait a 1:200 dilution (Chemi'con, CA) at room

usiiig a It) Neofluor objective. temperature for 90 minutes. Sections were sequentially

incubated with the secondary antibody. Alexa 594-
Cell migration assay conjugated goat anti-rat lgG, at a 1:200 dilution

HUVEC cell migration was performed using the wound (Molecular Probes, OR) at room temperature for 1 hour.
healing method.2  Briefly. a conifluent monolayer of and then mounted and examined under fluorescence
tlUVEC cells grown on 24-well plates was wounded microscopy. TUNEL assay was performed to assess
using a sterile 200-/d plastic pipette tip. Displaced cells apoptosis. Paraffin-enmbedded tumor sections were de-
were removed with three washes, and fresh EGM-2 waxed and then subjected to cell permeabilization by
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350W microwave irradiation for 5 minutes. Both basal a E3

and Ad vector-induced DNA strand breaks were then

labeled with fluorescein-conjugated nucleotidcs in a Ad-Fc [] g3

terminal deoxynucleotidyl transferase reaction Mixture
supplemcntcd in the In situ Cell Death Detection kit
(Roche. IN) at 37 C for I hour, and subjected to reaction Ad-hOC-Ell ETA hOC EOP 06 -- 3E

,\ith anti-fluorescein-POD conjugate with diaminobenzi-
dine according to the manuf acturer's instructions. The Ad-CMV-pA [
sampics wcre counterstained with 1% methyl green to
show viable cells. b HUVEC C4-2

U 4

Statistical analysis U_
U) _ U U, L

DiFferences between treatiment groups were analyzed KD I. < < (. <
uising Student's i-test and two-tailed distribution. 209 --

Results

Expression of soluble F0k0 on human enclothelial and
prostate cancer cell lines infected by Ad-Flk I-Fc 11-

To test the antiangiogenic efiect oF VEGF receptor-based
gene therapy in a human prostate cancer model, a
replication-defective Ad vector. Ad-Flkl-Fc containing the Figure 1 (a) Structural organization of the Ad vectors used in the
VG-GF receptor-2 (Flkl) cDNA fused with a mnurine IgG2a present study. An El-and E3-deleted antiangiogenic Ad5 vector, Ad-
I-c fragmnent (Fig [a) was used in this study. The gene Flkl-Fc, bearing a murine FIki cDNA sequence encoding both the
transduction efficacy of Ad-Flk I-Fc in humnan prostate signal peptide and the ectodomain (Mu Fiki Ec) at the 5' end fused
cancer cells (C4-2) ard endothelial cells (HUVEC) was to a murine IgG2a Fc fragment at the 3' end, and its vector control
determined by Western blot of the secreted FIk [ protein in construct, Ad-Fc, under control by human cytomegalovirus (CMV)
the CM from Ad- tlkl-Fc-infected cells. Both HUVEC and promoter and the rabbit lt-globin intron and polyadenylation signal

C4-2 cells effectively produced Flkl-Fc fusion protein (pA). The structure of replication-competent Ad vector Ad-hOC-El

(185 kDa) or Fc (25 kDa) protein into CM when cells were was described previously. 22 Ad5 ElA and ElB expression are driven

infected with 10 MOI of Ad-FIk I-Fc or control vector Ad- by a bidirectional hOC enhancer/promoter (E!P) and terminated by
the SV40 pA. A replication-defective Ad-CMV-pA served as a vector

Fc. respectively (Fig I b). The quantification of protein control for Ad-hOC-El. (b) Western blot analysis of FIkl expression.
exprcssion shown in Western blot demonstrated a six-fold In all 20jig of concentrated CM from HUVEC and C4-2 cells infected
higher susceptibility of HLUVEC to Ad infection in with Ad-Flkl-Fc, control vector Ad-Fc, or mock infection (PBS) was
comparison with C4-2 cells, which may be due to the higher subjected to Western blot using a polyclonal antibody recognizing
level of CARR26 and integrin receptor expressed on the cell murine IgG2a Fc as described in Materials and methods. Soluble
surface of HUVEC cells (data not shown). Flkl-Fc and Fc were detected as distinct bands with the expected

apparent MW of 185 and 25kDa, respectively.
Biological effect of soluble FNkO expression by C4-2
cells on HUVEC cell proliferation, migration and and filled in a -8t0-in-widc cell-free zone in a ti toe-
tubular fornation in vitro following Ad-Elk7-Fe dependent mlanner. Similar effects were also seen in the

presence of CM from Ad-I-c-infccted C4-2. whereas CM
To evaluate the autocrine and paracrine effect ofAd-Flkl- from Ad-FlkI-Fc-infectcd C4-2 was able to abolish the
Fc on tumor vasculature, vascular endothelial cells in vi/oo, movement of H UVEC over a 24-hour incubation period *

HIJVIEC proliferation, migration and tubular formation (Figs 2b, c). In addition to proliferation and migration
were assessed when cells were exposed to adenoviruses assays that describe the initial steps of endothelial cell
and~or CM from Ad-infected C4-2 cells. As shown in activation, the ability of HUVKC cells to form tube-like
Figure 2a direct infection of" HUVI.C with 10 MOI ofAd- structures on a Matrigel nembniane in culture dishes was
Flk l- c inhibited cell proliFeration by 25% comnpared with marked[y reduced upon the addition of CM from Ad-
mock-treated cells. A massively inhibitory effect (65%,) on folkl-Fc but not Ad-Fc-infected C4-2 as assessed by
proliferation of HjVEC was observed when cells were morphogenic assay (Fig 2d). Quantitative analysis showed
incubated with CM from Ad-Fl k[-Fc-infected C4-2. No that Ad-FIkI-Fc inhibited tubular formation of HUVEC
difference was seen amon- mnock-treated, Ad-Fc-infected by 50% in comparison with the controls (Fig 2c).
and Ad-Fc-infected C4-2 CM-treated cells. The paracrine
effect of secreted Flk I by Ad-Flk I-Fc-infected C4-2 cellson te meraton f I- IJEC as aso eterine by Inhibition of prostate cancer cell growth by Ad-Elk) -Pcon the milgration of HUVEC was also determined by in vitro
wound healing assay. The results demonstrated that
HUVFC cells incubated with CM from C4-2 cells infected Recently, a potential autocrine role for VEFG in prostate
with either vehicle control (PBS) or Ad-Fc moved toward cancer was reported. 27 Tn evaluate whether blocking the
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Figure 2 Inhibition of HUVEC cell growth, migration and tubular formation by FIkl -Fc in an autocrine and/or paracrine manner. (a) Inhibition of
HUVEC proliferation by Flki-Fc isolated from HUVEC, infected by Ad-FIk -Fc but not Ad-Fc at an MOI of 10 in an autocrine manner. A marked
inhibition of the growth of HUVEC was observed when exposed to C4-2 CM (10ig/ml for 72 hours), which were harvested from C4-2 cells
infected with Ad-FIki-Fc but not Ad-Fc, in a paracrine manner. Cell proliferation was determined by MTT assay. Data are expressed as means of
absorbance at 575 nm and SD of four independent experiments, versus mock-infected group: *P< .05; **P< .005. (b and c) Inhibition of HUVEC
migration by Flkl -Fc. HUVEC migration was determined in a wound-healing assay as described in Materials and methods. (b) Representative
photomicrographs of HUVEC migration under the influence of vehicle (control-PBS) and FIkl Fc and Fc secreted by C4-2 cells infected with Ad-
FIki -Fc (FIk-Fc) or Ad-Fc (Fc) at the indicated times, 0, 12 and 24 hours as shown ( x 25 magnification). (c) Results in panel b were confirmed by
a quantitative measurement of cell migration. Data are expressed as mean+SD of three independent experiments versus PBS control:
**P<.005. (d and e) Inhibition of HUVEC tubular formation by infecting HUVEC cells with Ad FIkl-Fc but not Ad-Fc. (d) Photomicrograph of
HUVEC incubated with control (PBS) on a Matrigel-coated well for 72 hours showed extensive tubular formation ( x 40 magnification). The
tubular formation was markedly inhibited by Flkl-Fc and not Fc harvested from C4-2 cells infected by their respected Ad vectors as described
above. (e) Results of panel d were confirmed by a quantitative counting of the number of connecting branches between two discrete endothelial
cells. Data represent means+SD of four independent experiments, versus mock-infected group: **P<.005.

autocrine-mediated VEGF pathway could inhibit prostate shown). The cell proliferation of C4-2 cells infected with
cancer cell growth, we first confirmed the expression of either antiangiogenic Ad-FlkI-Fc, rep]ication-coinptent
VEGF (736 pg/imn) in prostate cancer C4-2 cells by ELISA Ad-hOC-E1, or both. and control vectors, Ad-Fc and Ad-
and its type I1 receptor. Flk), by RT-PCR (data not CMV-pA (construct, see Fig la) were determined and
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compared with that of mock-infected cells after 72 hours expected, H UVEC cultured in 3D Matrigel organized into
of incubation. As expected, control vectors Ad-Fc and an irregularly vasculogcnic-like network with a total
Ad-CMV-pA barely inhibited C4-2 growth but Ad-hOC- branch extension of 85--7 pm by confocal microscopy
El effectively replicated and lysed C4-2 cells (P<.001) analysis (Fig 4a). The length of network formed by
when compared with mock-infected C4-2 cells. Interest- HUVEC increased when HUVEC was cocultured with
ingly, Ad-Flkl-Fc also suppressed cell growth signifi- C4-2-GFP cells (450±71 pm), demonstrating the intrinsic
cantly (P<.001). The treatment of C4-2 with Ad-FlkI-Fc growth of the prostate tumors as well as their inductive
and Ad-hOC-El together enhanced further cytotoxicity role on the proliferation and tubular formation of tumor
beyond that of the cells treated with either Ad-Flk I-Fe or vasculature (Fig 4b). Prein[ection of C4-2-GFP cells with
Ad-hOC-El alone (P<.05). These results demonstrated Ad-hOC-El, which has been demonstrated to replicate
that Ad-Flkl-Fc directly targeted not only angiogenesis selectively in OC-expressing but not non-OC-expressing
but also prostate cancer cell growth. A potential additive cells,22 showed not only a decreased growth of C4-2-GFP
effect of Ad-Flkl-Fc oncolytic Ad vector on prostate but also reduced network formation by HUVEC
cancer cell death was therefore examined (Fig 3). (175±+3.5 mn) in coculture (Fig 4c). whereas no difference

was seen in HUVEC prostate organoid with C4-2-GFP
cells preinfected with vector (data not shown). Taken

"Bystander" antiangiogenic effects of Ad-hOC-El in 3D together, these results showed prostate cancer-induced.
prostate organoid in vitro vasculogenesis of endothelial cells for the first time, and

Previous studies have demonstrated an increased expres- demonstrated a "bystander" antiangiogenic effect of Nd-
sion of angiogenesis-stimulating factors such as VEFG, hOC-El on endothelial cells (non-OC-expressing cells) by
platelet-derived growth factor and transforming growth the elimination of their supporting prostate cancer cells
factor in prostate carcinoma. 28-3 These results suggest (OC-expressing cells).
that prostate cancer affects endothelial proliferation
through the overexpression of these angiogenic growth Combination of Ad-Flkl-Fc and Ad-hOC-El plus
factors. To determine if the stimulatory effect of prostate vitamin 03 markedly decreased prostate tumor growth
cancer cells on endothelial cell proliferation and tubular in athymic mice
formation is blocked by the elimination of cancer cells, we
established a 3D prostate organoid model that consists of We evaluated the antitumor effect of Ad-Flk I-Fc and Ad-
C4-2-GFP, Dil-labeled HUVEC cells or both grown on hOC-El plus vitamin D3 either applied alone or in
Matrigel substratum, followed by confocal imaging. As combination on the growth of subcutaneous C4-2 tumors

in athymic mice. To determine whether adenovirus-
encoded Flkl-Fc can be efficiently expressed by pre-

0o.7 existing prostate tumors and secreted into blood circula-
" tion over an extended period using an intratumoral nene

, 0.6 delivery approach, we analyzed plasma samples from

6 tumor-bearing mice that had received intratumoral
O 0.5 injections of 2 x 109 PFU of Ad-Flk I-Fc twice per week

for 2 weeks. Blood samples from individual mice (Fig 5a)
S 0.4 or harvested at different time points (Fig 5b) were

Z 0.3 . # analyzed- High levels of FlkI-Fc were found in the
majority of mouse plasma from Ad-Flkl-Fc-treated

U0.2 animals at day I after the last administration and for
aa.> more than 6 weeks thereafter. These data demonstrated
_ o.i that high levels of Flkl-Fe in the mouse blood circulation

were achieved by adenoviral vector-mediated intra tumor-
0 . al gene delivery. To investigate the possible effect ol"

, , ,,, o -, tumor burden on the subsequent therapeutic response of
-0 g ""chimeric tumors to Ad vectors, tumnor-bearing mice were

, o° separated into small, medium and large size groups based
on the established tumor volume (-50. -200 and

Figure 3 Cytotoxicity of C4-2 cells resulting from infection with Ad - 500 mm3, respectively prior to treatment). C4-2 tumor
vectors in vitro. The relative number of C4-2 cells measured by OD xenografts were treated with intratumoral Ad-Flk 1-Fc
590nm were tabulated after exposing these cells to PBS (mock and intravenous Ad-hOC-F t either alone or together, Ad-
infection) or infection by Ad-Flkl-Fc (10 MOI), Ad-Fc (10 MOI), Ad- hOC-El-treated mice were given [p. vitamin 1)3 to

hOC-El (2 MOI) or Ad-CMV-pA (2 MOI) alone or combined with Ad-
Flkl-Fc plus Ad-hOC-El (combination). The cylotoxicily induced by augment the oncolytic activity of Ad-hOC-El according

Ad vectors was assessed by the use of crystal violet staining, to the pre-established protocol. 2 2 As shown in Figure 5c,

Statistical analyses were performed to determine the significance of both Ad-Elk l-Fc and Ad-hOC-EI plus vitamin D, alone
growth inhibition following therapeutic Ad vector-treatment versus slightly reduced C4-2 tumor growth in the large- and
mock-infected group: *P<.001; versus Ad-Flkl-Fc or Ad-hOC-El medium-sized tumor groups, but the change was not
group: #P<.05. statistically significant (P> .05). In contrast, combination
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Figure 5 Expression of circulating Flkl-Fc in mice treated with
intratumoral injection of Ad-Fiki -Fc and inhibition of pre-established
C4-2 tumor growth by the administration of Ad-Flkl-Fc and/or Ad-
hOC-El. (a) Level of circulating serum Flkl-Fc, as detected by
Western blots in five mice treated with Ad-Flkl-Fc. Tumor-bearing
mice (#1 to #5) were treated with Ad-Flkl-Fc intratumorally twice per
week for 2 weeks. Plasma levels of Flkl-Fc were measured before
treatment and after treatment (at the end of the first week after the
second injection of the Ad vector); 20Mg of CM from Ad-Flkl-Fc-
infected HUVEC cells (CM) served as positive control as described in
Materials and methods. (b) Persistent expression of Flkl-Fc in mice
from week 2 to week 8 after a 2-week Ad-Flkl -Fc treatment of a C4-2
tumor grown in mouse #2. (c) Antitumor efficacy of Ad-Flkl-Fc, Ad-
hOC-El, or combination on C4-2 tumor xenografts grown subcuta-
neously in nude mice. Three groups of mice bearing small, medium
and large tumor burdens were treated with Ad-Flkl-Fc or Ad-hOC-
El, either alone or together (combination), with PBS treatment
serving as control for an 8-week treatment protocol. The size of the
tumor at the termination of the study was measured and presented
as mean (percentage of control) tumor volume -+SD of each
treatment group, n=8-10. *P<.05 compared with the control-
treated tumors.

therapy with Ad-Fkkl-Fc and Ad-hOC-El plus vitamin

D 3 markedly inhibited C4-2 tumor growth, with a 40-
Figure 4 Antivasculogenic effect on HUVEC growth in the presence 60% size reduction in the large- and medium-sized tumor
of Ad-hOC-El- and Ad-Flkl-Fc-infected Al prostate cancer cells in a groups (P<.005). In the small-sized tumor group. in
3D Matrigel coculture system. In this study, HUVEC was tagged by a addition to statistically significant tumor regression
membrane dye. Dil and C4-2 cells were stably labeled with GFP. A observed by Ad-hOC-El plus vitamin D 3 (P<.05) and
representative photograph shows the growth of HUVEC in Matrigel
forming a 3D architecture at Day 3 using a laser scanning confocal Ad-Flk l -Fc or combination of Ad-Flkil-Fc plus Ad-hOC-

microscopy(x 100 magnification, panel a). Coculture of HUVEC and El/vitamin D 3 (P<.005), three of 10 (30%) of the pre-
C4-2GFP showed marked vasculogenic stimulation of HUVEC established tumors completely regressed in athyrnic mice
(panel b). Under the same coculture conditions, by infecting C4-2- receiving combination therapy.
GFP cells with Ad-hOC-El, marked destruction of tubular formation
and prostate cancer cell growth was observed (panel c). Individual Inhibition of angiogenesis and induction of tumor ce/I
images are labeled and the distance from the bottom of the HUVEC apoptosis in vivo
grown is indicated, To determine whether the reduction in tumor growth was

associated with a corresponding decrease in vascular
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density and enhanced apoptosis, representative tumor Flkl-Fc together inhibited the proliferation and tubular
specimens receiving different treatments were sectioned formation of tumor-associated vasculature, and also
for immunohistochemical analysis of blood vessel density increased apoptosis in both tumor and its vasculaturc
(CD31) and apoptosis (TUNEL assay) at the end of compartments. The regression of implant tumor xeno-
treatment. C4-2 tumors from animals receiving PBS grafts and their eventual therapeutic "cure" can be
showed intense staining for CD31 (Fig 6a), indicating accounted for by the cotargeting effect of this novel
the presence of extensive angiogenesis in the tumor. A therapy on both tumor cells and their associated
significant reduction in CD3I-stained vessels was demon- endothelium.
strated after therapy with Ad-hOC-El plus vitamin D3 ,
but the effect was much more remarkable with Ad-Flkl-
Fc, particularly when used in combination with Ad-hOC- Discussion
El (Fig 6a). Quantification of the results reveals a
reduction in microvessel density of 20, 50 and 70% in Inhibiting tumor growth by attacking the tumor vascular
tumors treated by Ad-hOC-El plus vitamin Dj, Ad-FlkI- supply is a promising concept in cancer gene therapy
Fc alone, and combination therapy, respectively, in However, our results (Fig 5c) and those of others" have
comparison with the vehicle-control mice (Fig 6b). demonstrated that targeting a single-cell compartment,
Furthermore, TUNEL staining of tumor sections from such as the tumor-associated vascular endothelium, may
the different treatment groups revealed an increase in not be sufficient to generate an effective and durable
tumor specimens (Fig 6c) harvested from hosts treated response. Eventually tumor cells become resistant and
with Ad-hOC-El plus vitamin D3. Likewise, tumor refractory to such treatment and augment their anti-
specimens harvested from mice treated with either Ad- apoptotic program.32 We developed a novel strategy that
Flkl-Fc alone or combination therapy showed a pro- combines tumor cell-specific targeting to eliminate hctcro-
"gressive increase of cells stained strongly positive by genous tumor cell populations. using a conditional
TUNEL (Figs 6b, c). These results suggest that treatment replicating Ad-hOC-EI Ad vector, with tulnor cndothe-
of C4-2 tumors with Ad-hOC-EI plus vitamin D3 and Ad- lium-specific targeting that uses an Ad vector secreting a

a PBS Ad-h OC-El/vit. D
40 -,PBS

iAd-hOC.ElvNt. 03
Cl Ad-FIl-fe

30 [IComblnaflon

20
'10

Ad-FIlk-1-fc Combination 7

Treatment

C PBS Ad-h OC-El/vitamin D3  Ad-FIk-1-fc Combination

Figure 6 Inhibition of tumor angiogenesis and increase of tumor cell death by treatment with Ad vectors. Tumor-bearing mice in the small tumor
group were killed at the end of treatment protocol and tumor tissues were harvested and evaluated. Microvessel density was determined by anti-
CD31 staining. (a) Representative photomicrograph showing microvessels in tumors from animals receiving the indicated treatment ( '. 100
magnification). (b) Quantitative analysis of microvessel density was made by counting the positive stained cells in 10 high power fields (HPF,
x 400 magnification). Data are given as mean tSD of cell number/HPF. *P<.005 compared with the control group receiving PBS; #P<.05
compared with either the Ad-hOC-El/vit. D3 or Ad-Flkl-Fc treatment group. (c) Representative photomicrograph of TUNEL staining showing a
marked increase in apoptotic cells (see arrows) particularly in Ad-Ftkl -Fc and combination treatment groups ( x 200 magnification).
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polypepetide, Flkl-Fc, to interfere with the VEGF axis. exogenous adenovira] El gene product provided by Ad-
In the present study, we exploited the obvious advantages hOC-E [ within tumnor cells when they are cotargeted with
of using the conditional replication-competent adeno- both of these Ad vectors. Combining Ad-hOC-El,
viruses we developed&,22 together with an antiangiogenic vitamin D 3 and Ad-Flkl-Fe therefore represents an
therapy developed by other investigators21,33 to treat effective therapeutic approach to prostate cancer.
primary and metastatic prostate cancer. Based on the To succeed, a gene therapy-based approach to the
well-established reciprocal cellular interaction between treatment of cancer must be not only effective, but also
prostate cancer cells, cancer-associated stroma and tumor safe and practical. Unlike small molecule inhibitors or
endothelium, this cotargeting approach has the potential anti-VEGF monoclonal antibodies, which require pro-
to inhibit cancer growth, progression and metastasis.634 longed administration to achieve a long-term steady-state
Results from our studies provide further evidence that therapeutic level of the protein, a single intravenous
cotargeting tumor cells along with the turnor microenvir- injection of Ad vector expressing a secretable antiangio-
onment is more effective and yields a more durable genie protein is sufficient to achieve a persistent level of
response than targeting a single-cell compartment. gene products in mouse serum.2 -

3 A . -.. However, the
Compared to other strategies currently under clinical downside of this strategy is that systemic gene delivery

evaluation for the treatment of prostate cancer and its by an Ad vector could cause hepatotoxicity from the
metastasis, such as the use of small molecule inhibitors or overexpression of antiangiogenic factors in hepatocytes. 43

monoclonal antibodies in combination with conventional By contrast, in our study the local intratumoral injection
antitumor drugs (reviewed by Retter et a132), our of Ad-Flkl-Fc achieved both local and systemic accumu-
approach combined an adenovirus that targets the VEGF lations of FlkI-Fc for at least 6 weeks with adequate
axis in the tumor-associated neovascular endothelium suppression of neovascularization in C4-2 tumors via
with a conditionally replicating oncolytic adenovirus plus autocrine and/or paracrine blockade, and with no
vitamin D3 that targets tumor epithelium. This approach evidence of organ toxicity. Consistent with the observa-
has several advantages. (1) The growth of both prostate tion by other groups 43 that i.p.-delivered adenovirus-
cancer and its tumor-associated endothelium is inter- mediated soluble FLT-1 caused no significant systemic
rupted. (2) The high infection rates with Ad vectors make cytotoxicity, our experiments support the use of Ad
them ideal candidates for reaching both the tumor and its vectors delivering FIk-l-Fc as local therapy for regional il
associated endothelium. (3) The selectivity of the Ad 1i/o antiangiogenic prostate cancer gene therapy.
vectors targeting both the tumor and its associated Toxicity studies of the systemic delivery of Ad-hOC-El
endothelium will cause minimal damage to normal host have been hampered historically by the lack of an
tissues. We previously demonstrated that OC promoter- adequate experimental animal model, because human
mediated oncolytic adenoviruses have a broad spectra of adenoviruses replicate only in human cells. However, OC
cell-killing activity causing lysis in PSA-producing and promoter activity has largely been restricted to osseous
nonproducing prostate tumors and renal cell carcinoma, tissues with marginally detectable levels in the brain of
bone, and prostate stromal cells in vitro.5 22 Vitamin D3  transgenic animals, using 3.9kb of human OC promoter
has been shown to inhibit prostate cancer growth as a construct fused to the CAT reporter. The safety of an
single agent. 35 When combined with Ad-hOC-El, vitamin adenoviral vector carrying OC promoter-driven HSV-TK
D3 enhanced adenoviral replication by its inductive role gene was also recently demonstrated in a Phase I clinical
on hOC promoter. 22 Moreover, several experimental trial.46

studics have demonstrated the direct inhibitory effect of The major side effect of high-dose vitamin D admin-
vitamin D3 on tumor-induced angiogenesis. 36-3 s An istration is hypercalcemia, which would jeopardize its
adenoviral vector bearing a soluble FlkI receptor has clinical utility. Although the vitamin D3 analogue Ro 25-
been reported to have the capacity to reduce tumor 9022, used in the present study, has not been tested at the
burden correlated with the degree of MVD in experi- maximum tolerated dose, when mice treated with 4 ng of
mental animal models. 2 1'3 33 ý3 Ro 25-9022 twice per week were compared with untreated

We have taken a mechanism-based approach to demon- mice, they showed only a mild side effect, a less than 10%
strate for the first time the aatocrine and paracrine effect of body weight reduction for a period of 3 weeks. The mice
Ad-FlkI-Fe on tumor and tumor vasculature in 'iuro recovered after the vitamin D3 treatment was stopped,
(Figures 2 and 3). This potent combination caused tumor which is consistent with our previous study.22 This minor
xenograft regression by "starving" the tumor cells, blocking side effect could be further overcome by using other
tumnor blood supplies while exerting a direct cell-killing structural analogs of 1,25(OH) 2D3 that have been
effiect on the tumor cells themselves (Figures 5 and 6). developed, which show significant antiproliferative activ-

This finding is consistent with a previous report-2 where ity but a less calcemic effect in vivo.4 7

LNCaP cells stimulated with recombinant VEGF induced The results of outr work suggest that combination
DNA synthesis and recruited quiescent cells into the S- therapy with conditional replication-competent adeno-
phase of the cell cycle via signaling through cell surface virus and an antiangiogenic gene therapy targeting the
FlkI receptors. Moreover, as hypothesized by other VEGF axis may have clinical utility for prostate cancer
investigators, °404•4 the inability of replication-defective treatment. Several issues remain to be addressed, some of
Ad-Flki-Fc to diffuse through tissues may be comple- which cannot be examined using the currently available
mented by acquiring the ability to multiply via the animal models. In practice, intratumoral administration
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